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Abstract
Alternative water management practices for rice (Oryza sativa) production have been developed
for water conservation purposes, such as the relatively new furrow-irrigated rice production
system, which results in spatially variable volumetric water content (VWC), temperature, and
oxidation-reduction (redox) potential. No research has been conducted to relate greenhouse gas
(GHG) production to soil and plant properties or environmental factors under furrow-irrigated
rice. The objective of this field study was to evaluate correlations between methane (CH4),
nitrous oxide (N2O), and carbon dioxide (CO2) fluxes and emissions and global warming
potential (GWP) and near-surface soil properties and environmental factors over two growing
seasons (2018 and 2019) under furrow-irrigated rice on a silt-loam soil in eastern Arkansas. Gas
samples were collected weekly between planting and harvest from enclosed-headspace, static
chambers and analyzed by gas chromatography. Methane fluxes were correlated (P < 0.01) with
VWC (r = 0.18) and soil redox potential (r = -0.59), N2O fluxes were correlated (P < 0.01) with
soil redox potential (r = 0.13), and CO2 fluxes were correlated (P < 0.05) with VWC (r = 0.29),
soil redox potential (r = -0.27) and soil temperature (r = 0.09). Methane and N2O emissions were
positively (0.36 < r < 0.78) and negatively (-0.33 < r < -0.54) correlated (P < 0.01) with
numerous soil and plant properties. Significant multiple regression models predicting seasonlong CH4-C, N2O-N, CO2-C, and GWP from a suite of soil and plant properties were identified
(0.49 < R2 < 0.78). Results of this study demonstrated numerous soil, plant, and environmental
factors substantially control GHG production and release, which can be used to mitigate GHG
emissions from the furrow-irrigated rice production system to improve current and future
sustainability of rice production in the United States.
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INTRODUCTION
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Anthropogenic activity since the Industrial Revolution has increased the concentration of
the greenhouse gases (GHG) in the atmosphere. The annual report of the Intergovernmental
Panel on Climate Change (IPCC) in 2016 reported an atmospheric increase of 43, 160, and 21%
for carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), respectively, since the preindustrial era (IPCC, 2018).
According to the Environmental Protection Agency (EPA), the estimated total
greenhouse gas (GHG) emissions in the United States (U.S.) in 2014 were 6870.5 million metric
tons (MMT) of CO2 equivalents (USEPA, 2016a). This magnitude of GHG emissions in 2014
equated to a 7.4% increase from 1990 estimates (USEPA, 2016a,b).
Agriculture in the U.S. accounts for a substantial portion of GHG emissions into the
atmosphere. In 2012, estimated total emissions from agricultural fields were 526.3 Tg of CO2
equivalents. Greenhouse gas emissions in the agricultural sector are projected to increase 20% by
2030, while GHG emissions from rice (Oryza sativa) production alone are projected to increase
by 2% (USEPA, 2016a). Among the six states where rice is produced in the U.S. (i.e., Arkansas,
Texas, Louisiana, Mississippi, Missouri, and California), Arkansas led the state ranking in
estimated CH4 emissions with 2.6 Tg of CO2 equivalents in 2012 due to Arkansas having the
largest rice production area (USEPA, 2012). However, these statistics are mis-leading since
relatively few fields studies have been conducted directly quantifying GHG emissions from rice
production in the U.S. in general and very few have been conducted in Arkansas specifically.
Rice is a semi-perennial, semi-aquatic grass that, when grown in flooded-soil conditions,
is able to act as a conduit of gases from the soil to the atmosphere through aerenchyma tissue
(Yan et al., 2000). The large use of water to flood rice fields and the bio-chemical reactions that
occur in the resulting anoxic environment, which is responsible for the production of CH4,
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requires evaluation and identification of alternative production techniques in order to determine
the best management practice to maintain large yields and reduce GHG emissions to the
atmosphere (Pittelkow et al., 2013).
Different water management and field preparation practices greatly affect the production
and emissions of GHGs in and from rice fields (Pittelkow et al., 2015). Continuous flooding,
intermittent flooding, known also as alternate wetting drying (AWD), and delayed flooding (DF),
in combination with cultural practices like conventional tillage (CT) or no-tillage (NT), have
been studied to determine the environmental impact of the different practices on GHG emissions.
The drying process in the AWD and DF treatments resulted in a reduction in soil oxidationreduction (redox) potential and favored oxidation and microbial reactions like the nitrification of
ammonium hydrolyzed from synthetic fertilizers (i.e., urea). As a result, CH4 emissions
decreased, but N2O emissions increased compared to emissions from continuously flooded
conditions (Rector et al., 2018). Furthermore, NT reduced soil erosion and increased organic
matter and C substrate that can mediate the production of N2O in a rice field (Liu et al., 2006).
Furrow-irrigated rice is a alternative water management scheme that may facilitate a
reduction in the amount of water needed to produce a large-yielding rice crop and may save time,
energy, and money to implement compared to full-season/continuous flood irrigation. However,
furrow-irrigated rice would represent a rather substantial deviation from typical rice production
practices, leaving many questions for producers and land owners who are contemplating
changing their production practices to the furrow-irrigated system. Due to the spatial variability
in soil moisture contents, temperature, and redox potential across a furrow-irrigated rice field, the
spatial variability of GHG emissions from a furrow-irrigated rice field may be large.
Furthermore, GHG emissions may be controlled by the variations in soil and environmental
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factors across a furrow-irrigated rice field. Consequently, there is a critical need to investigate
the potential relationships between soil and plant properties and environmental factors and GHG
fluxes and emissions from furrow-irrigated rice production to better understand what controlling
variables could be managed to mitigate GHG emissions and their global warming potential to
improve the sustainability of current and future rice production.
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LITERATURE REVIEW
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Greenhouse Gases
Part of the out-going, infrared radiation from the Earth’s surface is absorbed by gases
present in the atmosphere and are emitted back to the surface layer in a process referred to as the
greenhouse effect (IPCC, 2014). The cycle of energy allows Earth to keep a relatively constant
and stable temperature range suitable for all biomes. The greenhouse effect occurs because of
greenhouse gases, which are mainly considered to be, but not limited to, CO2, CH4, N2O, H2O,
and O3 that play a fundamental role in the continuance of the radiative equilibrium and the
energy balance of all ecosystems. Anthropogenic activity since the Industrial Revolution has
increased the concentration of GHGs in the atmosphere, creating a disturbance in the radiative
equilibrium (IPCC, 2014). The annual report of the Intergovernmental Panel on Climate Change
(IPCC) in 2016, under the auspices of the United Nations, and the assessment of the National
Oceanic and Atmospheric Administration Earth System Research laboratory (NOAA/ESRL)
recorded an atmospheric increase since the pre-industrial era of 43, 160 and 21% for CO2, CH4,
and N2O, respectively (IPCC, 2018). The increase in atmospheric GHG concentrations was
strongly correlated to the increase of 0.85°C from the combined average of land and ocean
surface temperatures from 1880 to 2011 (IPCC, 2014). The Fifth IPCC assessment evaluated by
Working Group I reported an increase in CO2 from 278 mg L-1 in 1750 to 390.5 mg L-1 in 2011
(IPCC, 2018). Anthropogenic activities, such as fossil fuel combustion and agricultural
emissions, are responsible for the majority of the CO2 concentration increase. Methane increased
from 722 µg L-1 in 1750 to 1803 µg L-1 in 2011 (IPCC, 2018). Rice paddy agriculture and
landfill emissions are the major anthropogenic sources of CH4 and account for 65% of the total
CH4 emissions (IPCC, 2014). Atmospheric CH4 concentrations stabilized from 1990 to 2007
when CH4 concentrations started to increase again (IPCC, 2018).
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In 2011, the atmospheric N2O concentration reached 320 µg L-1, having increased by a
factor of 1.2 from 1750 (IPCC, 2018). The principal sources of N emissions are from the
additions of N fertilizers and amendments in the agricultural sector (IPCC, 2018).
Globally, in the four decades from 1970 to 2010, CO2 emissions accounted for 59% of
the total GHG emissions (IPCC, 2018). During the same time frame, CH4 and N2O emissions
accounted for 18 and 7.4%, respectively, of total GHG emissions (IPCC, 2018). Greenhouse gas
emissions from the industrial sector, specifically electricity production, accounted for 25% of
GHG emissions to the atmosphere followed by the agricultural, forest, and other land use sectors
with 24% (IPCC, 2018). Industry, transportation, and building sectors represented 21, 14, and
6.4%, respectively, of total GHG emissions to the atmosphere (IPCC, 2018).
The United States (U.S.) GHG inventory completed by the Environmental Protection
Agency (EPA) in 2016 reported slightly different GHG emissions and concentrations for the
U.S. (USEPA, 2016a,b), but were within the range reported by the IPCC assessment (IPCC,
2018). The estimated total U.S. GHG emissions in 2014 were 6870.5 million metric tons (MMT)
of CO2 equivalents, which equated to a 7.4% increase from 1990 (USEPA, 2016a). Carbon
dioxide, CH4, and N2O emissions represented 80.9, 10.6, and 5.9% of the total GHG emissions.
Although the U.S. experienced a decrease in total GHG emissions between 2007 and 2012, all
estimated GHG emissions in 2014 were greater than the total GHG emissions reported four
decades earlier (USEPA, 2014). In 2014, CO2 emissions from fossil fuel combustion alone
accounted for 93.7% of the total GHG emissions in the U.S. (IPCC, 2018).
Agriculture accounts for a substantial portion of GHG emissions to the atmosphere. In
2012, estimated total emission from agricultural fields were 526.3 Tg of CO2 equivalents. From
1990 to 2012, CH4 emissions increased 13.6% and N2O emissions increased 9.5% from
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agriculture (USEPA, 2012). In the same time period from 1990 to 2012, CH4 emissions from rice
cultivation alone oscillated from 7.7 Tg of CO2 equivalent in 1990 to 7.4 Tg in 2012 (USEPA,
2014), where factors affecting annual CH4 emissions oscillations include the planted-rice area
and weather phenomena (Baldwin and Chandler, 2010). Among the six states where rice is
produced in the U.S. (i.e., Arkansas, Texas, Louisiana, Mississippi, Missouri, and California),
Arkansas led the state rank in estimated CH4 emissions with 2.4 Tg of CO2 equivalents in 1990
and 2.6 Tg of CO2 equivalents in 2012 due to Arkansas having the largest rice production
(USEPA, 2012). Greenhouse gas emissions from the agricultural sector are projected to increase
to 20% by 2030, while emissions from rice production alone are projected to increase by 2%
(USEPA, 2016a). Methane and N2O have global warming potentials, calculated on a 100-year
scale, that are 298 and 35 times, respectively, more potent than that of CO2 (USEPA, 2016b). In
2014, following the requirements of the Clean Power Plan, Arkansas registered a decrease in C
emissions of 25% from 1990 estimates, as reported by the Commission on Global Warming
established by Governor Beebe (GCGW, 2018).

Nitrogen Cycle
The atmosphere, lithosphere, hydrosphere, and biosphere are all sources of nitrogen (N).
The greatest quantity of N resides in the mantle of the lithosphere, with 16200 x 1016 kg N, but it
is in the atmosphere, with 386 x 1016 kg N, the N cycle really begins (Stevenson and Cole, 1999).
Elemental dinitrogen gas (N2) in the atmosphere constitutes the original source of N in the soil,
which is the superficial layer of the lithosphere, otherwise called the pedosphere. The soil’s
internal N cycle interfaces with the other spheres, but several processes in the N cycle uniquely
occur in the pedosphere. Considered an essential plant nutrient, N moves principally in inorganic
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forms, particularly as the anion nitrate (NO3-), within and through soil horizons, where N
undergoes oxidation and reduction reactions that can produce gases, such as N2O, which can be
responsible for serious environmental problems (Brady and Weil, 2008).
The soil’s N cycle starts with biological fixation of N2 from the atmosphere, a process
through which bacteria, cyanobacteria, actinomycetes, and few species of fungi reduce gaseous
N2. The reduction of gaseous N2, where N has a valence of 0, to gaseous ammonia (NH3) or
soluble, inorganic ammonium (NH4+), where N has a valence of -3, is catalyzed by the enzyme
nitrogenase, a complex protein that functions only in absence of oxygen (O2). The anaerobic
environment is created by the microorganisms themselves with the use of oxygen-excluding
organic gelatinous substance located on the roots of particular plants or with the use of oxygenexcluding cells called heterocysts (Stevenson and Cole, 1999; Ruser et al., 2006). Consequently,
N fixation is an energy-demanding process, where 25 molecules of adenosine triphosphate (ATP) are necessary to break the triple bond of one N2 molecule (Stevenson and Cole,
1999). Ammonium is also produced by microbial exo-enzymatic reactions in a process called
mineralization, which releases energy and that can have NO3- as the final product. The N pool
that drives the mineralization process is derived from hydrolyzed amine functional groups, which
are part of humic compounds, in chain reactions collectively referred to as ammonification
(Brady and Weil, 2008).
If ammonium formed from ammonification is not taken up by a plant or a
microorganism, ammonium can subsequently be ultimately transformed by oxidative reactions to
NO3-, where N has a valence of +5, in the process of nitrification. Ammonium in soil solution
can also be fixed on the soil clay fraction in a non-readily exchangeable form in a process called
ammonium fixation (Ponnapempura, 1955). Nitrification represents a two-step process, where
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autotrophic bacteria, the genera Nitrosomonas in the first reaction and Nitrobacter in the second
reaction, oxidize ammonium to nitrite (NO2-), where N has a valence of +3, and nitrate,
respectively (Brady and Weil, 2008). Nitrite is a short-lived N species, which is converted to
NO3- quickly in the presence of O2. Nitrification is an aerobic oxidative process that proceeds at
an optimal rate when 60% of the soil pore space is filled with water (i.e., water-filled pore
space), the soil temperature is between 20 and 30oC, and the soil pH is close to neutral (i.e., pH
7; Lai and Denton, 2017). Nitrate can then be taken up by plants and/or microorganisms. As a
monovalent anion, NO3- is highly soluble and mobile in the soil solution. Drainage water can
cause nitrate leaching, removing the nitrate anion from the surface horizons to the deeper subsoil
or even the groundwater (Brady and Weil, 2008).
If O2 becomes limited, heterotrophic facultative anaerobic bacteria can convert NO3- to
gaseous N2O or N2 in a biochemical reductive reaction called denitrification. Denitrification is
catalyzed by the dissimilatory nitrate reductase enzyme, where the enzyme uses NO3- as the
terminal electron acceptor (TEA) instead of O2 (Del Grosso et al., 2000). As gases, N2O and N2
can easily be emitted or returned to the atmosphere (Scheer et al., 2008).

Carbon Cycle
Similar to N, the C cycle is characterized by several interconnected sections. The
atmosphere, hydrosphere, lithosphere, pedosphere, and biosphere are all compartments of the
fourth-most abundant element on Earth (i.e., C; NASA, 2014). The C cycle can be differentiated
between slow and fast phases, according to the amount of C moved from one reservoir to another
on a yearly basis (NASA, 2014). Fundamental rocks, from which C outgassed as CO2,
represented the original source and C emissions in a primitive atmosphere that contained only
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sporadic traces of CH4 (Stevenson and Cole, 1999). At the Earth’s surface, the greatest C
reservoir is constituted by the soil organic matter (SOM), with a range of 30 to 50 x 1014 kg of C.
Below the mantle, sediments can contain 200,000 x 1014 kg of C followed by the soluble C in the
deep-sea waters with 345 x 1014 kg of C (Bolin, 1977). From the atmosphere that contains 7 x
1012 kg of C in the form of CO2, with a valence of 4+, C is assimilated by plants and algae
through photosynthetic processes and converted into carbohydrates (Stevenson and Cole, 1999).
The C cycle in the biosphere can be intended as a loop where C, after death or consumption by
the biota, is processed into organic substrate and into inorganic compounds through
mineralization that can be assimilated again by photosynthetic organisms (NASA, 2018). An
alternative path in the biotic cycle shows the movement of C from the short- and long-lived biota
to the litter components and then to the soil (Stevenson and Cole, 1999). The humic fraction of
the organic matter can be hydrolyzed in monomers that can be converted into fatty acids and CO2
in a process called acidogenesis (Cairo and Paris, 1988). Fatty acids can also be converted into
acetic acid by acetogens (Malyan et al., 2016). In an anaerobic environment, the microbial
decomposition of organic matter by methanogens produces CH4, where the C has a valence of -4,
that can be oxidized by methanotrophs into CO2, where the C has a valence of 4+ (Zhang et al.,
2012). Plant roots, bacteria, fungi, and other soil fauna release CO2 through the process of
respiration (Zhang et al., 2012). The CO2 from the atmosphere is also deposited into surface
waters, transferred to the deep water, and finally back to the original source, the sediments.

CH4
Methane, a major component of natural gas, is second only to CO2 in importance as a
GHG (Neue, 1993). The atmospheric concentration of CH4 doubled in the last 200 years, and
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even if the CH4 concentration by volume in the atmosphere is much lower than that of CO2, one
molecule of CH4 can trap heat ~ 30 times more effectively than one molecule of CO2 (Neue,
1993). The rate at which CH4 increased every year in the past decade has oscillated between 0.5
and 1%, with annual estimated global emissions of 600 Tg from anthropogenic and natural
sources. Rice fields contribute 20% of the global annual estimated CH4 emissions (Maylan et al.,
2016).
Methane production takes place with the bio-degradation of complex organic matter. The
bio-degradation reaction is carried out by bacteria classified as methanogens, in a process that
occurs under anaerobic conditions (Penning and Conrad, 2007). Methanogenesis is generally an
anoxic, metabolic respiration process that uses compounds, such as acetate, to obtain the organic
C and compounds, like ammonium, as the TEA and N source (Dubey, 2005). About 60 to 80%
of CH4 produced by methanogens is oxidized before the CH4 reaches the atmosphere (Maylan et
al., 2016).
Methanogenesis and methanotrophy are processes strongly affected by soil physical and
chemical properties. Soil organic matter, pH, temperature, redox potential, and soil texture are all
interactive factors in the production and consumption of CH4 (Oo et al., 2015; Brye et al., 2013).
Management practices can alter the availability of SOM and, as a consequence, CH4 emissions
(Bossio et al., 1999). Large levels of SOM or incorporation of crop residues often result in peak
CH4 fluxes in the early growing stages of a rice crop, with a second peak later in the season due
to root exudates and litter (Gogoi et al., 2005; Bossio et al., 1999). A study on a 35-ha rice field
in California reported that spring rice straw incorporation resulted in greater CH4 emissions
compared to winter incorporation, showing that the rice residue, at least the labile components,
were degraded over the winter months despite the lower temperatures (Bossio et al., 1999).
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The optimum pH range for methanogens occurs in the range between 6.5 and 7.5, while
flooded conditions typically have a neutral pH (IPCC, 2014). Increasing pH often results in a
greater availability of acetate and consequently greater fermentative activity that results in an
increased CH4 production due to the increased availability of methanogenic substrate (Ye et al.,
2012). The optimum range of temperatures for microbial activity and CH4 production oscillates
between 25 and 40°C, while the optimum range for CH4 oxidation is narrower, between 25 and
35°C (Penning and Conrad, 2007).
Soil redox potential (Eh) is the most critical factor for CH4 production. In order to initiate
methanogenesis, the Eh must remain in the range of -100 and -200 mV (Oo et al., 2015). In a
paddy-rice field, flooding induces a decrease in the redox potential to around -150 mV and often
fluctuates between -150 and -450 mV. In flooded conditions, as the redox potential decreases to
~ -200 mV, SOM is fermented resulting in CH4 production (Maylan et al., 2016). Consequently,
CH4 emissions typically begin between 14 and 21 days after the flood (Brye et al., 2013, Dubey,
2005).
Coarse textures, such as loamy soils, have been reported to release more CH4 than finer
textures, such a clayey soils, likely due to the greater abundance of macropores in loamy soils
that entrap less CH4 for reoxidation (Neue, 1993; Rogers et al., 2014). In a 4-yr study on three
montmorillonitic, thermic soils in Texas, a strong positive correlation between seasonal CH4
emissions and percent sand was reported (Sass and Fisher, 1994).
In conjunction with various soil properties, CH4 emissions have been shown to correlate
with geographic position within a rice field. Studies in lowland, irrigated rice fields in India
showed that the lower-elevation part of the field had greater CH4 emissions along with greater
total soil N and C than the mid- and the up-slope field positions (Oo et al., 2015). The difference
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in emissions among field positions has been related to the deposition and transportation of
organic-rich sediments through the irrigation channels (Oo et al., 2013). At the downslope
position, the more permanent and persistent flood and the more rapid decline of the soil Eh
resulted in a greater CH4 production potential (Oo et al., 2013).
Water irrigation regimes strongly influence CH4 emissions (Oo et al., 2015). Wet and dry
seasons have been shown to have maximum peaks of CH4 flux at different times during the
growing season. In a study on tropical rice, the largest CH4 flux peak was observed between
maximum tillering and panicle initiation during the wet season and between panicle initiation
and flowering during the dry season (Bhattacharya et al., 2014). Wet and dry seasons also
influence CH4 emissions during the soil-drying process after the release of the flood in a floodedrice production system (van der Gon et al., 1996)
It appears evident that the rate of methanogenesis is strongly affected by biological,
environmental, and physical factors. A comprehensive and mechanistic understanding of how
these factors interplay can lead to the evaluation and design of new management practices,
especially in rice production systems, where, to date, numerous studies are focusing on
mitigation and abatement techniques. Among the tools available today to formulate mitigation
strategies, the most important and promising are water management, plantation method, rice
varietal selection, and fertilization (Malyan et al., 2016).
Water management is considered the most relevant tool in order to suppress
methanogenesis (Malyan et al., 2016). Water management practices showed the potential to
increase soil Eh and soil permeability, suppressing CH4 production (Tyagi et al., 2010). The
large amount of water supplied for rice production uncovers two important issues, in addition to
GHG emissions, energy costs and the depletion of groundwater aquifers, which, in areas like

15

Arkansas, are experiencing a long period of groundwater depletion and shortage (Vories et al.,
2005). Flood irrigation, however, brings several agronomic advantages, like limited variation in
temperature and soil moisture and reduced soil-borne diseases and weed growth (Peyron et al.,
2016). The most used water management alternatives used in rice production, compared to the
most common continuous-flood scheme, can be classified into mid-season drainage, intermittent
drainage, alternate drying and wetting, and delayed flooding (Malyan et al., 2016).
New technologies and new systems are being developed and studied to evaluate the best
management practices to reduce water usage, maintain yield, and mitigate GHG emissions. Two
examples of new technologies include the wet-irrigation (WI) system and the multiple-inlet (MI)
approach (Liu et al., 2016; Vories et al., 2005). The WI system maintains the soil wet, but with
no standing water, except during transplanting, and the floodwater depth is kept no thicker than 2
cm from the soil surface (Liu et al., 2016). The WI system can reduce water usage and CH4
emissions, but several studies reported yield reductions and a complete analysis of the
environmental impact is not yet available (Liu et al., 2016).
The MI approach includes the use of gates and holes in polytubing to water each paddy
at the same time without relying on overflow from the paddies higher in elevation (Vories et al.,
2005). The MI system has been shown to reduce water usage by 24% compared to conventional
flooding (Vories et al., 2005). In a study conducted in Arkansas from 1999 to 2002, the MI
approach recorded a reduction of water usage of 36% and an increase in yield by 3% compared
to conventional flooding production (Vories et al., 2005). Greenhouse gas emissions were not
measured in the Vories et al. (2005) study.
Methods and rates of fertilizers application have also been shown to affect CH4 emissions
in crop production, including rice (Malyan et al., 2016). Compared to urea-N treatments,
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ammonium-based N fertilizers can reduce overall CH4 emission in a rice field by preventing the
decline in redox potential (Linquist et al., 2012). Sulfate amendments showed to enhance the
competition between sulfate-reducing bacteria and methanogenic bacteria, thus reducing the
amount of CH4 produced (Hussain et al., 2015).

CO2
Since the preindustrial era, the CO2 concentration in the atmosphere has registered
constant increase, with concentrations reaching 403 mg L-1 in 2016, with a yearly averaged
increase of 2 mg L-1 or 0.17% (NOAA, 2017). Globally, almost 75% of GHG emissions are
constituted by CO2, mainly from fossil fuel combustion and biomass decomposition (IPCC,
2014). Agricultural practices like slash-and-burn, drainage of wetlands, utilization of peats for
crop production, and deforestation also play a fundamental role in the atmospheric increase of
CO2 (Stevenson and Cole, 1999). In 2014, the agricultural sector contributed more than 25% to
the total atmospheric CO2, with a total release of 9.5 MMT CO2 eq. (USEPA, 2016a).
Several natural processes contribute to the release of CO2 in the atmosphere. Respiration
and dissolution of deposits of carbonates account for the greatest portion of natural CO2
emissions (Stevenson and Cole, 1999). The CO2 in the atmosphere is consumed as well by
natural processes, like photosynthesis and carbonate precipitation into water (IPCC, 2014),
although more than half of the CO2 is dissolved in oceanic waters, causing acidification (IPCC,
2014). The ocean, atmosphere, biosphere, and pedosphere represent the four reservoirs of the
CO2 cycle (IPCC, 2018). Carbon dioxide is involved in two different cycles, one defined as
fast/rapid and the other one as slow. The fast cycle involves the rapid exchange, usually within a
few years, of molecules of CO2 between the atmosphere and the Earth’s surface. The slower
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cycle is constituted by gas exchange through vegetation, soil, and litter (Stevenson and Cole,
1999).
Respiration from the rhizosphere and microbial community in the pedosphere
collectively constitute soil respiration and represents the amount of CO2 released from the soil
(Brady and Weil, 2008). Soil air, mainly determined by soil respiration determined, presents
greater concentration of CO2, around 10% more, and 5% lower concentration of oxygen,
compared to the concentrations in the atmosphere (Motschenbacher et al., 2015). Microbial
respiration depends on several environmental factors like temperature, moisture conditions, and
chemical composition of the substrates (IPCC, 2018). Low temperatures, dry conditions, and
large moisture contents (i.e., flooding) reduce heterotrophic respiration and thus the
decomposition processes and ultimately CO2 emissions (IPCC, 2018).
Various soil parameters are correlated with the production and release of CO2 from the
pedosphere (Motschenbacher et al., 2015). Soil pH, texture, moisture content and aeration,
amount of organic substrate as SOM, and temperature determine the rate of decomposition and
respiration, thus providing a valid index of CO2 produced (IPCC, 2018). Among all the factors
that influence soil respiration, temperature is often the most relevant (Stevenson and Cole, 1999).
Several studies on soil respiration in different regions showed a constant decrease of
decomposition rate with increasing of latitude, thus decreasing temperature. Regression analyses
determined decomposition rate increased by a factor of 1.6 for each 10o of increase in soil
temperature (IPCC, 2018). All the abiotic factors that affect CO2 production are not independent,
but participate together to determine CO2 emissions in specific environmental conditions
(Motschenbacher et al., 2015).
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Agricultural practices can reduce or increase the amount of organic substrate present in
the soil and influence the capacity of the pedosphere to oxidize SOM, thus affecting soil
respiration and therefore CO2 production and emissions (IPCC, 2018). Tillage, cover crops, plant
varieties, fertilizer applications, and water regimes have been evaluated in relation to
decomposition and soil respiration rate. Consequently, a wide range of CO2 emissions have been
reported as a result of the various known factors to affect soil respiration (Motschenbacher et al.,
2015).
It has been well established in many studies that N fertilization correlates with
aboveground plant biomass (Brady and Weil, 2008). In addition to aboveground biomass,
fertilizer applications enhance root growth rendering it difficult to calculate the net C balance,
defined as the difference between C influx and efflux (Dossou-Yovo et al., 2016). In a study in
Benin, Africa, on loamy, acidic soils, three N application rates (0, 60, and 120 kg N ha-1) were
compared during the 2014 rice growing season, with the attempt to evaluate the total ecosystem
C budget. While the 0 and 60 kg ha-1 treatments showed no significant differences, the 120 kg
ha-1 application rate increased the C balance by 0.6 Mg C ha-1, making the upland rice field a net
source of C as CO2 (Dossou-Yovo et al., 2016).
The soil moisture content influences photosynthetic activity, root activity, and respiration
of plants. Consequently, different water or irrigation regimes will differently impact the
production and release of CO2 (Liu et al., 2013). Soil moisture conditions below field capacity
reduce photosynthesis, stomatal conductance, and net C absorption, increasing the level of O2 in
the soil and favoring the release of CO2 produced through respiration (Liu et al., 2013).
All the practices used to reduce CO2 emissions can be grouped under the concept of C
sequestration. Carbon sequestration refers to the capture and long-term storage of atmospheric
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CO2 into the soil reservoir (IPCC, 2018). Under crop cultivation, many agricultural practices can
mitigate CO2 emissions and assist in the C sequestration process (Motschenbacher et al., 2015).
Decreased soil disturbance, reduced tillage, rotational crops, crop residues, and fertilizer
applications have all been showed to be effective tools to reduce CO2 emissions
(Motschenbacher et al., 2015). All these practices tend to minimize oxygenation of the soil to
slow down the process of decomposition of organic matter, and to increase above-ground
biomass to enhance photosynthetic reactions to capture CO2 from the atmosphere (Brady and
Weil, 2008). Under optimal fertilizer applications, rice is capable of producing large residue
biomass (> 6.5 Mg ha-1) that, in combination with the anaerobic conditions in flooded production
systems, can increase SOC and reduce CO2 emissions (Motschenbacher et al., 2015). Studies in
the Philippines determined that flooded rice fields were able to sequestrate 12% more C than
upland cultivations (Motschenbacher et al., 2015).

N2O
First isolated in 1772 by the scientist Joseph Priestly, nitrous oxide is today considered
the most potent greenhouse gas. Although N2O emissions are globally much lower than CO2
emissions, the global warming potential (GWP) of N2O is 298 times greater than the GWP of
CO2 (USEPA, 2016a). With total emissions of 403.5 MMT CO2 eq. in 2004, the atmospheric
concentration of N2O since the preindustrial era increased by 21%, with an increase of 0.25% by
year in the U.S. alone (Bateman and Baggs, 2005). In 2004, agricultural activities accounted for
78.9% of the total N2O emissions and for 4.6% of total greenhouse gas emissions in the U.S.
(USEPA, 2016a). With an atmospheric resident time of 122 years, N2O can react with O2 in the
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stratosphere producing nitric oxide that, once introduced in the mid-stratosphere, can destroy the
ozone layer in a catalytic cycle (Hirsch et al., 2006).
Two important reducing mechanisms in the soil are responsible for the loss of nitrate and
the production and release of N2O are denitrification and dissimilatory nitrate reduction to
ammonium (DNRA) (Giles et al., 2012). Denitrification and DNRA are the only microbial
processes in the soil that can produce N2O when abiotic conditions prevent the complete
reduction of N to N2 (Giles et al., 2012). Denitrification and DNRA can occur simultaneously in
the soil in different microsites (Bateman and Baggs, 2005). Heterotrophic bacteria and fungi
have also been shown to be capable of reducing nitrate and nitrite under anaerobic conditions,
especially when the soil water content is above 60% water-filled pore space (Bateman and
Baggs, 2005). However, recent studies determined that even the minor presence of bacteria can
be capable of aerobic denitrification when O2 is not a limiting factor is a process defined as
nitrate respiration (Bateman and Baggs, 2005). Several enzymes control and catalyze the process
of denitrification. Truncation of the denitrification process by abiotic factors, which inhibit one
or more of the enzymes involved, can influence soil N2O emissions (Giles et al., 2012).
Environmental factors that influence and determine the rate of denitrification include
nitrogen, carbon, and oxygen concentration, pH, temperature, soil texture, and soil water content.
Microbial communities are affected by abiotic environmental factors in both the rate and
products yielded during denitrification and DNRA (Giles et al., 2012). The availability of O2,
and thus the O2 gradient, determines the diffusion rate of O2 and the aerobic respiration rate in
the soil. Oxygen molecules can inhibit N2O reductase, reducing enzymatic activity, and favoring
the production of N2O (Morley et al., 2008). Low levels of O2, usually less than 10% by volume,
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favor denitrification activity, but contemporaneously induce greater production of N2 over N2O
(Giles et al., 2012).
The optimum range of soil pH for denitrifiers is around neutral (pH ~ 7) or slightly
alkaline conditions between pH 7 and 8 (USEPA, 2016a). Acidic conditions can severely impair
the effectiveness of the nitrate reductase enzyme, shifting the reaction product towards N2O
instead of N2. Low soil pH also indirectly affects the availability of organic C and mineral N,
resulting in reduced denitrifier activity. Reduced microbial activity shifts the chemical
equilibrium towards incomplete denitrification and a greater release of N2O (Giles et al., 2012).
Soil temperature is a key controlling factor for both nitrification and denitrification (Lai
and Denton, 2017). Soil temperature can directly affect kinetic reactions of the microbial
community, enhancing soil respiration, and therefore the consumption of O2 (Lai and Denton,
2017). Greater O2 consumption reduces aeration of the pedosphere, activating and increasing the
activity of denitrifiers (Lai and Denton, 2017). Several studies reported different denitrification
rates at the same soil temperature, but with differing general trends. Results from studies showed
N2O production decreased between 5 and 25C, while other research recorded increased N2O
production from 15 to 30C (Dobbie and Smith, 2001). During an incubation study in 2012 using
clay soils in Australia, the largest denitrification rate was recorded at 35C, with 1.0 g N2O g-1
soil (Lai and Denton, 2017). The correlation between soil temperature and N2O emissions was
stronger than the correlation between fertilizer N applications and N2O emissions (Lai and
Denton, 2017).
Soil texture is directly correlated with pore sizes and distribution and indirectly correlated
with aeration and water-holding capacity (Brady and Weil, 2008). Large N2O emissions have
been recorded mainly from coarse, compacted textures with localized aerobic activity (Skiba and
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Ball, 2002). During a study in Scotland in 1997 on 13 different soils under the same management
regime and crop type, N2O emissions ranged from 0 to 193 g N2O-N m-2 h-1, which also
showed a strong, direct correlation with bulk density and direct correlation with clay content
(Skiba and Ball, 2002). The largest N2O emissions were recorded in the soils with the largest
bulk density and with coarse, sandy textures (Skiba and Ball, 2002).
Nitrous oxide emissions are primarily derived from by-products of nitrification at low
soil moisture contents and from by-products from denitrification when the water-filled pore
space is greater than 60% due to the reduced supply of O2 (Liu et al., 2007). Several studies
reported that almost the entire production of N2O in soil with moisture contents above 70%
WFPS was constituted by products of denitrification, while nitrification was the main process for
the formation of N2O in soil with moisture contents between 35 and 60% WFPS (Bateman and
Baggs, 2005).
Common agricultural practices have notable effects on N2O emissions. Several laboratory
investigations and field studies have evaluated the effects of tillage, crop rotation, water regime,
and fertilizer-N applications (Yan et al., 2000a; Yan et al., 2000b). Reduced soil surface
disturbance under NT has been determined as an effective way to reduce N2O emissions in both
dry and humid climates (Liu et al., 2007). However, the tillage effect had a lifespan of just few
years, after which N2O emissions from NT did not differ from that under CT (Del Grosso et al.,
2000).
In contrast to tillage, differential irrigation regimes in rice production have been shown to
have a significant and more immediate impact on N2O emissions. Nitrous oxide emissions have
been shown to increase with soil water content, particularly above 60% WFPS (Bateman and
Baggs, 2005). Practices that involve field drainage, such as with AWD, MSD, MSA, and
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intermittent flooding, have been reported to have four times greater N2Oemissions than from
continuously flooded rice production (Peyron et al., 2016; Rector et al., 2018). In a study on siltloam soils in Ireland, N2O emissions were compared between two water regimes, where the soil
around field capacity (69% WFPS), with low evaporative conditions, had greater N2O emissions,
which ranged between 17.8 g N ha-1 d-1and 20.4 8 g N ha-1 d-1, than from the soil below field
capacity (55% WFPS), with high evaporative conditions, which ranged between 10.0 and 12.4 g
N ha-1 d-1 (Khalil et al., 2009).
Being much less predictable than CH4, N2O fluxes often do not show consistent temporal
trends during the growing season in from agroecosystems (Rector et al., 2018). The conditions
and environmental factors that enhance N2O production appear opposite of those that enhance
CH4 production. In crop productions, mitigation practices aimed to reduce CH4 emissions often
result in increased N2O emissions. Mitigation practices for reduced N2O emissions often focus
on minimizing N losses through management practices, such as the use of nitrification inhibitors
and different irrigation systems, which have also affected CH4 emissions (Rector et al., 2018;
Boeckx et al., 2005).

Tillage
In arable cropping systems, soil tillage practices can vary in intensity and can have
different effects on soil biology and soil physical properties (Chatskikh and Olesen, 2007).
Modern reduced-tillage (RT) practices, like conservation tillage or no-tillage (NT) techniques,
have been evaluated in comparison with conventional tillage (CT). Reduced-tillage practices
have several advantages, such as improved soil functions and crop establishment (Chatskikh and
Olesen, 2007). The origin of NT agriculture practices in U.S. dates back to the 1930s following
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the Dust Bowl (Pittelkow et al., 2015). Degraded soil and severe erosion were the factors that
drove attention to RT practices, but it took until the mid- to late 1990s for reduce tillage to
become known worldwide, as improved NT technologies and the more efficient use of herbicides
became more prevalent (Pittelkow et al., 2015). To date in the U.S., and elsewhere, there is little
consensus whether RT, or specifically NT, leads to a lower global warming potential than CT
practices when CO2, CH4, and N2O emissions are considered (Venterea et al., 2005).

Furrow Irrigation in Rice
Almost 98% of all the rice produced in the U.S. is grown under flooded conditions
(continuous or delayed flood) (USDA, 2018). In the dry-seeded system, which is the most
common rice seeding method in the U.S., the rice field is flooded at the V-4 growth stage and the
flood is maintained until the R7 stage (Vories et al., 2002). The water used for irrigation mostly
comes from surface reservoirs or groundwater aquifers through the use of wells (Vories et al.,
2002). In 2015, 98% of the 31248574 cubic meter per day (8255 million gallons per day)
pumped from the aquifers in the U.S. were used for crop irrigation (ANRC, 2017). In 2015 in
Arkansas, the counties with the largest volume of water usage were Jefferson and Arkansas
County, with an average of 160123 and 101827 m3 d-1 (42.3 and 26.9 Mgal d-1), respectively
(ANRC, 2017). The Mississippi Alluvial Plain extends for 32,000 square miles and covers one
third of the state of Arkansas (USGS, 2010). The Sparta/Memphis aquifer in the Mississippi
Alluvial Plain, classified as an alluvial aquifer, extends from the Missouri state line to the
Louisiana state line (USGS, 2010). Even if Arkansas receives enough precipitation to support
crop productions, with an average of 117 to 137 cm (46 to 54 in) annually, between late spring
and early summer during the critical phases of the growing season, precipitations are insufficient;
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a condition that has caused excessive withdraws from the aquifers (USGS, 2010). Reports
indicate that 83% of the rice fields in Arkansas rely on groundwater and aquifers for crop
irrigation (USGS, 2010). In 2006, Arkansas County registered the lowest water-level of the
aquifer (21 m above National Geodetic Vertical Datum), with the largest depression in
potentiometric surface (-0.3 m) (USGS, 2010). The annual aquifer decline in Arkansas has been
estimated to be 0.15 m yr-1 (0.50 ft yr-1; USGS, 2010).
With the increasing water shortage conditions, research on effective water use in rice
production has been initiated (He, 2010). Studies on furrow-irrigation systems showed increased
water use efficiency (WUE) compared to conventional irrigation (CI) systems (i.e., flooding; He,
2010). Furrow irrigation (FI) is constituted by the creation of channels, parallel to the
predominant slope, along the length of the field (FAO, 2011). Water flows from the top end of
the channels to the bottom end through the force of gravity (FAO, 2011). In a study conducted
on fields and pot simulation trials in 2002 in Southwestern China, the FI and CI systems were
evaluated in term of WUE in a direct-seeded rice production system (He, 2010). Results showed
that FI reduced water usage from 41 to 48% compared to CI (He, 2010). In the aforementioned
study, the increased WUE resulted in a reduction in the irrigation rate, evapotranspiration, and
seepage due to the absence of a surface water layer (He, 2010). The ferrous material in the soil
was reduced under FI compared to CI, which benefitted root growth. Light penetration increased
and the gas transport between the soil and the atmosphere was enhanced more in FI than in CI
(He, 2010).
Furrow-irrigation systems also involve the use of raised beds that can affect the
availability of water for the crops grown (Ockerby and Fukai, 2001). In a study in 1994 in north
Queensland on a grey Vertisol, furrow irrigation with raised beds used 32% less water than the
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continuous-flooded rice paddies (Ockerby and Fukai, 2001). Though not significantly different,
rice yield was 15% lower from the furrow-irrigation system compared to the continuously
flooded rice paddies (Ockerby and Fukai, 2001). In a 3-yr comparative study started in 1990 on
flooded and furrow irrigated rice fields on silty-clay soils at the Northeast Research and
Extension Center (NEREC) at Keiser, Arkansas, results showed that the average yield for the
furrow-irrigated fields (5.2 to 6.6 Mg ha-1) was significantly lower than that from the continuousflooded system (6.3 to 8.0 Mg ha-1; Vories et al., 2002). Vories et al. (2002) also reported that the
optimum N management and rate for fields with furrow irrigation were the same as for rice
paddies in continuous-flooded production (Vories et al., 2002).
In addition to WUE and yield response, another major factor in the furrow-irrigation
system is weed management (Bagavathiannan et al., 2011). Weed emergence in furrow-irrigated
systems can constitute a large challenge for the entire growing season, due mostly to the
fluctuating, but mostly prolonged moist conditions at the soil surface. Furrow-irrigated systems
have also been shown to have a weed spectrum that differs from flooded rice paddies
(Bagavathiannan et al., 2011). Clomazone (C12H14ClNO2), a pre-plant herbicide, in addition to
quinclorac (C10H5Cl2NO2) and propanil (C9H9Cl2NO), are the most common compounds used
for weed management in furrow-irrigated rice fields planted with conventional hybrids rice
varieties in Arkansas and in the mid-southern U.S. in general (Bagavathiannan et al., 2011). In a
comparative study on silt-loam soils initiated in 2007 in St. Francis County near Colt, AR, weed
treatments were evaluated in flooded rice production systems and in furrow-irrigated rice fields
(Bagavathiannan et al., 2011). Results showed that the effect on weed control was greater in
flooded conditions than in furrow-irrigated conditions (Bagavathiannan et al., 2011). In flooded
treatments, weed control ranged from 87% for barnyardgrass (Echinochloa colona) to 96% for
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the other plant species evaluated [i.e., Palmer amaranth (Amaranthus palmeri), Hemp sesbania
(Sesbania herbacea), Broadleaf signalgrass (Urochloa plathyphilla), and Morningglory
(Ipomoea spp.)], while in furrow-irrigated fields, weed control ranged from 70% for
barnyardgrass to 95% for Palmer amaranth (Bagavathiannan et al., 2011). Greater weed pressure
in furrow-irrigated than in continuously flooded fields may requires additional herbicides
applications that can increase agricultural management costs. In the study mentioned above, the
additional cost for the furrow-irrigation system ranged from $122 to $168 ha-1 (Bagavathiannan
et al., 2011). To date, and to the author’s knowledge, no study has been conducted in the U.S. on
GHG emissions from furrow-irrigated rice.

Justification
The large amount of water required to produce a rice crop under standard production
practices in Arkansas has been scrutinized lately as result of groundwater depletion in the Delta
region of eastern Arkansas. Consequently, several alternative water management schemes from
the traditional, full-season/continuous flood (i.e., a single mid-season drain and alternate wet and
dry) have been developed and tried in various locations throughout Arkansas. Furrow-irrigated
rice, a more recently developed alternative water management scheme, may facilitate a reduction
in the amount of water needed to produce a large-yielding rice crop and may save time, energy,
and money to implement compared to full-season/continuous flood irrigation. Fullseason/continuous flood irrigation requires personnel to construct and maintain levees and to
monitor flooding that could take days to establish and/or release for harvest. However, despite
some promising advantages, furrow-irrigated rice would represent a rather substantial deviation
from typical rice production practices, leaving many questions for producers and land owners
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who are contemplating changing their production practices to the furrow-irrigated system.
Questions of concerns include how much water, labor, machinery capital cost, and energy can be
saved with the furrow-irrigated system and how environmentally sustainable is the furrowirrigated system with regards to the spatial variability of GHG emissions from a furrow-irrigated
rice field. Consequently, there is a critical need to study the furrow-irrigated rice production
system under field conditions in order to provide a growing number of producers, who, for
various reasons, are attempting to implement furrow-irrigated rice, with proper and accurate
recommendations to keep rice production sustainable.

Objective and Hypothesis
The objective of this field study was to evaluate relationships among soil physicalchemical properties, environmental factors, and GHG fluxes and season-long emissions from
furrow-irrigated rice grown on a silt-loam soil in eastern Arkansas. Based on previous field
research, it was hypothesized that CH4 fluxes will be positively correlated with soil volumetric
water content (VWC) and negatively correlated with soil redox potential, while N2O fluxes will
be positively correlated with VWC, as CH4 and N2O production are related to reduced O2 that is
associated with wet to saturated soil conditions. It was also hypothesized that CO2 fluxes will be
positively correlated with VWC and soil temperature, as soil respiration increases with moisture
and temperature increase up to an optimum. Regarding season-long emissions, it was
hypothesized that GHG emissions will be positively correlated with soil bulk density (BD), sand,
silt, and clay, as GHG emissions are related to macroporosity and the concept of microsites. It
was also hypothesized that CH4 and CO2 emissions will be positively correlated with soil organic
matter (SOM) and total carbon (TC), as large levels of SOM or incorporation of crop residues
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result in greater CH4 emissions due to C input and root exudates, and that CO2 will be positively
correlated with plant biomass, as plant respiration rate is determined by the rice variety.
Furthermore, it was hypothesized that N2O emissions will be positively correlated with total
nitrogen (TN), as soil N inputs stimulate the process of denitrification, increasing production of
N2O.
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CHAPTER TWO

CORRELATION ANALYSES AMONG SOIL, PLANT, AND ENVIRONMENTAL
VARIABLES AND GREENHOUSE GAS EMISSIONS FROM FURROW-IRRIGATED
RICE ON A SILT-LOAM SOIL
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Abstract
Alternative water management practices for rice (Oryza sativa) production have been
developed for water conservation purposes, such as the relatively new furrow-irrigated rice
production system, which results in spatially variable volumetric water content (VWC),
temperature, and oxidation-reduction (redox) potential. No research has been conducted to relate
greenhouse gas (GHG) production to soil and plant properties or environmental factors under
furrow-irrigated rice. The objective of this field study was to evaluate correlations between
methane (CH4), nitrous oxide (N2O), and carbon dioxide (CO2) fluxes and emissions and global
warming potential (GWP) and near-surface soil properties and environmental factors over two
growing seasons (2018 and 2019) under furrow-irrigated rice on a silt-loam soil in eastern
Arkansas. Gas samples were collected weekly between planting and harvest from enclosedheadspace, static chambers and analyzed by gas chromatography. Methane fluxes were
correlated (P < 0.01) with VWC (r = 0.18) and soil redox potential (r = -0.59), N2O fluxes were
correlated (P < 0.01) with soil redox potential (r = 0.13), and CO2 fluxes were correlated (P <
0.05) with VWC (r = 0.29), soil redox potential (r = -0.27) and soil temperature (r = 0.09).
Methane and N2O emissions were positively (0.36 < r < 0.78) and negatively (-0.33 < r < -0.54)
correlated (P < 0.01) with numerous soil and plant properties. Significant multiple regression
models predicting season-long CH4-C, N2O-N, CO2-C, and GWP from a suite of soil and plant
properties were identified (0.49 < R2 < 0.78). Results of this study demonstrated numerous soil,
plant, and environmental factors substantially control GHG production and release, which can be
used to mitigate GGH emissions from the furrow-irrigated rice production system to improve
current and future sustainability of rice production in the United States.
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Introduction
Regions with large cultivated rice (Oryza sativa) areas commonly have a relatively large
human population due to rice being able to provide substantial sustenance and calories for human
consumption (Maclean et al., 2013). Global rice production in 2018 were slightly greater than in
2017, with a harvested area equivalent to 162.5 million ha compared to 160 million ha in 2017
(USDA-FAS 2018). Global milled-rice production in 2018 exceeded 380 million metric tons
(USDA-FAS 2018). In 2018, the United States (U.S.) registered 6 million metric tons of milledrice produced, with a harvested area of 1.2 million hectares, representing roughly 1.5% of the
global production area (USDA-FAS 2018). Four regions in the U.S. account for almost the entire
country’s rice production: the Mississippi Delta, the Grand Prairie, the Gulf Coast, and the
California Valley (USDA-FAS 2018). Among the six states where rice is produced in the U.S.
(i.e., Arkansas, Texas, Louisiana, Mississippi, Missouri, and California), Arkansas leads the state
rank in rice production, with most rice cultivation concentrated in eastern Arkansas within the
Mississippi Alluvial Plain (USEPA, 2012).
The Mississippi Alluvial Plain extends for 83,000 km2 (32,000 mi2) and covers one third
of the state of Arkansas (USGS, 2010). The Sparta/Memphis aquifer in the Mississippi Alluvial
Plain, classified as an alluvial aquifer, extends from southeastern Missouri to northeast Louisiana
(USGS, 2010). Even if Arkansas receives enough precipitation to support crop productions, with
an average of 117 to 137 cm annually, between late spring and early summer during the critical
phases of the rice growing season, precipitation alone is insufficient for optimal crop production,
thus groundwater is often used as supplemental irrigation (USGS, 2010). Reports indicate that
83% of the rice fields in Arkansas rely on groundwater to supply rice crops with adequate water.
In 2006, Arkansas County registered the lowest water-level of the alluvial aquifer (i.e., 21 m
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above National Geodetic Vertical Datum), with the largest depression in the potentiometric
surface (-0.3 m). The annual aquifer decline in Arkansas has been estimated to be 0.15 m yr-1
(USGS, 2010), which has caused excessive groundwater withdrawals for agricultural irrigation
to be a major regional concern.
With the increasing water-shortage conditions, effective and efficient water use for rice
production must occur (He, 2010). Furrow-irrigation systems have been reported to increase
water-use efficiency compared to the traditional rice irrigation system, which consists of flood a
rice field for approximately three months of the rice growing season (He, 2010). Furrow
irrigation is accomplished by the creation of channels (i.e., furrows), parallel to the predominant
slope, adjacent to raised beds along the length of the field (FAO, 2011). Water travels from the
elevationally high end of the field to the low end through gravity flow (FAO, 2011). The
increased water-use efficiency in furrow-irrigation systems have resulted also in a reduction in
the irrigation rate, evapotranspiration, and seepage due to the absence of a surface layer of flood
(He, 2010). However, the raised beds can affect the availability of water for crops grown
(Ockerby and Fukai, 2001), where rice yields were 15% lower from a furrow-irrigation system
compared to the continuous full-season flood on silty-clay soils in northeast Arkansas (Vories et
al., 2002), despite optimum nitrogen (N) management and fertilization rates for furrow irrigation
were the same as for the continuous, full-season-flood system (Vories et al., 2002).
In addition to water-use efficiency and yield response, another major factor in the furrowirrigation system is weed management (Bagavathiannan et al., 2011). Weed emergence in
furrow-irrigated systems can constitute a large challenge for the entire growing season, due
mostly to the fluctuating, but prolonged moist, non-flooded conditions at the soil surface
throughout most of a furrow-irrigated field (Bagavathiannan et al., 2011). Therefore, the greatest
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management challenge for a furrow-irrigated rice production system is the dynamic variability in
the soil surface environment, where flooded (down-slope position), moist (mid-slope position),
and semi-dry (up-slope position) conditions alternate and coexist at the different site positions
within the same furrow-irrigated field. Consequently, the large soil moisture fluctuations in a
furrow-irrigated rice field may exacerbate greenhouse gas (GHG) emissions, where rice has been
specifically identified as a substantial source of methane (CH4) emissions (IPCC, 2006).
Soil moisture conditions, particularly saturation to surface flooding that cause anaerobic
conditions to develop, strongly influence CH4 emissions (Oo et al., 2015). Wet and dry cycles
have been shown to result in CH4 flux peaks at different times during the growing season (van
der Gon et al., 1996; Gogoi et al., 2005). Wet and dry cycles also influence CH4 emissions
during the soil-drying process after the release of the flood in a flooded-rice production system
(Rogers et al., 2014).
The soil moisture content also influences photosynthetic activity and root activity,
specifically root respiration. Consequently, alternative water management or irrigation regimes
can differentially impact carbon dioxide (CO2) production and release (Liu et al., 2013),
depending the degree of aerobic or anaerobic conditions. In flooded, anaerobic soil conditions,
soil submergence greatly reduced CO2 emissions to almost zero (Nishimura et al., 2015), while
CO2 emissions from non-flooded, aerobic conditions during a rice growing season can be
substantial (Motschenbacher et al., 2015).
Similar to CO2, differential irrigation regimes in rice production have been shown to have
a significant impact on nitrous oxide (N2O) emissions. Nitrous oxide emissions have been shown
to increase with soil water content, particularly in excess of 60% water-filled pore space
(Bateman and Baggs, 2005). Practices that involve any degree of field drainage, such as with the
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rice irrigation practices of alternate wet and dry, mid-season drainage, mid-season aeration, and
intermittent flooding, have been reported to have four times greater N2O emissions than from a
continuous, full-season-flood rice production system (Peyron et al., 2016; Rector et al., 2018).
The rate of methanogenesis, soil respiration, and denitrification are also strongly affected
by environmental factors and soil and plan properties. In addition to soil water content, soil
temperature, soil oxidation-reduction (redox) potential (Barker et al., 2017; Rector et al., 2018),
soil organic carbon (Humphreys et al., 2019), and rice dry matter (Boonjung and Fukai, 1996)
influence GHG emissions, particularly CH4.
The environmental sustainability, with regards to the spatial variability of GHG
emissions, the spatial and temporal variations in soil moisture, temperature, and redox potential,
and global warming potential (GWP), in the furrow-irrigated rice production system has not been
documented. A comprehensive understanding of the interactions among these external factors
and GHG fluxes and/or emissions can lead to the evaluation and design of new or alternative
management practices to mitigate GHG emissions from rice production (USEPA, 2020).
Furthermore, no studies have attempted to link early season soil properties with GHG fluxes and
end-of-season plant properties with season-long GHG emissions in the relatively new furrowirrigated rice production system. Therefore, the objective of this field study was to evaluate
relationships among soil physical and chemical properties, environmental factors, and GHG
fluxes and season-long emissions from a furrow-irrigated rice production system on a silt-loam
soil in eastern Arkansas. Based on previous field research, it was hypothesized that CH4 fluxes
will be significantly correlated with soil volumetric water content (VWC) and soil redox
potential, N2O fluxes will be significantly correlated with VWC, and CO2 fluxes will be
significantly correlated with VWC and soil temperature. It was also hypothesized that season-
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long CH4 and CO2 emissions will be significantly correlated with soil organic matter (SOM) and
total carbon (TC) contents, CO2 emissions will be significantly correlated with plant biomass,
and N2O emissions will be significantly correlated with total nitrogen (TN) content. It was also
hypothesized that season-long CH4, N2O and CO2 emissions will be significantly correlated with
bulk density and texture.

Material and Methods
Site Description
This field study was initiated at the University of Arkansas Rice Research and Extension
Center (RREC) (34.46°N, -91.46°W) in Arkansas County in May 2018 and encompassed 2018
and 2019 growing seasons. The RREC is part of the Major Land Resource Area 131D, or
Southern Mississippi River Terraces (USDA-NRCS, 2006), in a region locally referred to as the
Grand Prairie. The research area was located on quaternary alluvial terrace deposits in the Bayou
Meto basin of the Lower Mississippi River Valley on a DeWitt silt loam (fine, smectitic, thermic
Typical Albaqualf), which is a poorly drained, slowly permeable soil that has been under
cultivated agriculture for at least 15 years (USDA-NRCS, 2019; USDA-NRCS, 2014). The study
area was approximately 400 m (1300 ft) long and 12 m (20 ft) wide with an average slope of 2%
oriented in the north-south direction.
The climate in the region is classified as Humid Subtropical or Cfa by the Koppen
Classification System, which consists of warm weather and periodic precipitation all year
(Arnfield, 2016). The 30-yr (1981 to 2010) average monthly air temperature in the area is
16.5°C, with a mean maximum air temperature in July of 33.3°C and a mean minimum air
temperature in January of -1.1°C (NOAA-NCEI, 2010). The 30-yr mean annual precipitation is
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125.2 cm, with most precipitation occurring in December (13.5 cm), while August is the month
with the least amount of precipitation (5.5 cm) on average (NOAA-NCEI, 2010).

Treatments and Experimental Design
The field study location had been consistently managed in a furrow-irrigated rice
production system between 2014 and 2019. Beds, approximately 15 cm tall, 30 cm wide at the
top, and ~ 76 cm between adjacent bed centers, were established in 2014 in a north-south
orientation throughout the ~ 16.2-ha (40 acre) field encompassing the specific study area. One
strip along the entire 400-m field length was prepared with conventional tillage (CT), while an
adjacent strip was prepared without tillage [i.e., stale seedbed, which will be referred to as notillage (NT)] prior to rice planting in late Spring 2018 and in late Spring 2019. Each tillagetreatment strip contained six raised beds for a total of 12 beds that made up the whole study area.
Soil and gas sampling locations were established at an up-slope, mid-slope, and downslope field position. The up-slope position was 91 m (300 ft) from the high-elevation end of the
field. The mid-slope position was 91 m (300 ft) down slope from the up-slope position. The
down-slope position was 204 m (670 ft) down slope from the mid-slope position and ~ 9 m (30
ft) up-slope from the lowest-elevation end of the field. The measured slope between the up-slope
and mid-slope positions was 2.5%, while the slope between mid-slope and down-slope positions
was 1.8%.
The current study aimed to evaluate the possible correlation between environmental
factors (i.e. volumetric water content, temperature, and redox potential) and greenhouse gas
emissions (i.e., CH4, CO2, N2O, and N2) and to quantify gaseous C and N losses from a furrowirrigated rice production system on silt loam in eastern Arkansas. Consequently, a split-plot
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design was established with the two experimental factors (i.e., tillage and site position) for a total
of six treatment combinations: CT/up-slope, NT/up-slope, CT/mid-slope, NT/mid-slope,
CT/down-slope, and NT/down-slope, where tillage was the whole-plot factor and site position
was the split-plot factor.

Field Management
Half of the study area was conventionally tilled on 5 May, 2018 with a disk to a depth of
15-20 cm (6-8 in.), field cultivator to a depth of 10-15 cm (4-6 in.), and a raised, ~ 76-cm-rowspaced bedder roller. Two passes in the field were operated with the disk, while one pass was
effectuated for the field cultivator and the raised, ~ 76-cm-row-spaced bedder roller. The second
treatment constituted a stale-seed-bed cultural practice (i.e., NT), where residues were mowed
and burned during Spring. The prior years’ beds were left intact and were treated with a NT
furrow-runner implement (Perkins Sales Inc, Bernie, MO) to make sure the furrow was open to
allow water flow during furrow-irrigation. The study area was planted on 17 May, 2018 with the
hybrid cultivar CL7311 (RiceTec, Alvin, TX) and was planted on 30 April 2019 with the hybrid
cultivar 214-Gemini (RiceTec). Seeds were directly drilled at a rate of 28 kg ha-1 (25 lb ac-1) and
21 kg ha-1 (19 lb ac-1) with 19 cm (7.5 in) row spacing in 2018 and 2019, respectively. On 5
June, 2018, the study area was mechanically broadcast-amended with 101 kg ha-1 (90 lb ac-1) of
potassium as muriate of potash and 67 kg ha-1 (60 lb ac-1) of phosphorous applied as
diammonium phosphate. On 13 June, 2018, the study area was mechanically broadcast-amended
with 168 kg ha-1 (150 lb ac-1) of N applied as coated urea (46-0-0). On 16 May, 2019, shortly
after planting, the study area was mechanically broadcast-amended with 67 kg ha-1 (60 lb ac-1) of
potassium applied as muriate of potash, 67 kg ha-1 (60 lb ac-1) of phosphorous applied as triple
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super phosphate, 11 kg ha-1 (10 lb ac-1) of zinc applied as zinc 20, and 23 kg ha-1 (20 lb ac-1) of
nitrogen and 27 kg ha-1 (24 lb ac-1) of sulfur applied as ammonium sulfate. On 3 June 2019, at
the 3- to 4-leaf stage, the study area was mechanically broadcast-amended with 168 kg N ha-1
(150 lb ac-1) as urea coated with urease inhibitor (thiophosphiric triamide).
After planting and N fertilization, the study area was furrow-irrigated using 30-cm
diameter, lay-flat poly pipe laid out at the up-slope boundary of the study area, which was
connected to a variable-flow, tail-water pump at the down-slope position that returned tail water
at the lower end of the study area back to the crown of the field (Kandpal, 2018). The water used
for irrigation was from a rain-fed, surface reservoir located on the north side of the study area.
Furrow-irrigation during the 2018-9 rice growing season occurred approximately one time per
week starting on June 5 and ceasing on September 12, and starting on June 13 and ceasing on
September 4 when the field was left to drain in 2018 and 2019 respectively. If it rained, the
rainwater supplied the tail-water-recovery pump, reducing the need for and frequency of
irrigation applications. Once the down-slope portion of the field was under flooded conditions,
the tail water recovery pump ran continuously to maintain a constant presence of water in the
bottom part of the field.
Though formal recommendations do not exist yet for weed control in the furrow-irrigated
rice production system, various herbicides were applied at various times during the growing
season to control weeds. On May 18, 2018, a solution composed of 2336 mL of Glyphosate (32
oz. ac-1, Roundup), 583 mL of Clomazone (20 oz. ac-1, Command), 59 mL of Imazosulfuron (2
oz. ac-1, League), and 59 mL of Safufenacil (2 oz. ac-1, Sharpen) per hectare was applied with an
8-row, hooded sprayer at 93 L ha-1 [10 gallons per acre (gpa)] rate. On June 11, 2018, a solution
composed of 2802 mL of Thibencarb (96 oz. ac-1, Ricebeux) and 22 mL of Halosulfuron (0.75
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oz. ac-1, PermitPlus) per hectare was applied with an 8-row, hooded sprayer at 75 L ha-1 (8 gpa)
rate. On June 19, 2018, a solution composed of 496 mL of Fenoxaprop (17 oz. ac-1, Ricestar) and
933 mL of Pendimethalin (32 oz. ac-1, Prowl) per hectare was applied via airplane at 187 L ha-1
(20 gpa) rate. On June 28, 2018, a solution composed of 496 mL of Cyhalofop (17 oz. ac-1,
Clincher) and 612 mL of Quinclorac (21 oz. ac-1, Facet) per hectare was applied via airplane at
187 L ha-1 rate. On July 2, a solution composed of 583 mL of Cyhalofop (20 oz. ac-1, Clincher)
per hectare was applied via airplane at 187 L ha-1 rate. On July 10 and 11, 2018, the same
application of 146 mL of Imazamox (5 oz. ac-1, Beyond) per hectare was applied with a fieldequipped vehicle at 187 L ha-1 rate. On August 27, 2018, 116 mL Pirethrid (4 oz. ac-1, Mustang
max) per hectare was applied via airplane at a rate of 187 L ha-1. Similar management practices
were conducted for the 2019 growing season.

Soil Sampling and Analyses
On 31 May, 2018, and on 16 May 2019 two sets of soil samples were collected from the
top 10 cm of each raised beds at the three site positions. One set of soil samples was collected
with a 4.8-cm-diameter, stainless steel core chamber and slide hammer for bulk density
determinations, while the other set of soil samples was collected with a 2-cm-diameter manual
push probe for particle-size and chemical analyses. One set of soil samples were also collected
using the manual push probe on 16 September, 2018 and on 9 September 2019 to assess soil
chemical properties at the end of the growing season. All samples were oven-dried at 70°C for
48 hours, ground, and sieved through 2-mm mesh screen.
Particle-size analyses were conducted using a modified 12-hr hydrometer test (Gee and
Or, 2002). Soil pH, electrical conductivity (EC), and soil organic matter (SOM), total C (TC) and
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nitrogen (TN), and extractable nutrient (i.e., P, K, Ca, Mg, Fe, Mn, Na, S, Cu, and Zn)
concentrations were also measured. Soil EC and pH were measured potentiometrically in a 1:2
soil mass:water volume suspension Soil OM was determined by weight-loss-on-ignition by
combustion at 360oC for 2 hours. Soil TC and TN were measured by high-temperature
combustions on a VarioMax CN analyzer (Elementar Americas Inc., Mt. Laurel, NJ; Nelson and
Sommers, 1996). Soil was extracted with Mehlich-3 extraction solution in a 1:10 soil mass:water
volume ratio and analyzed by inductively coupled, argon-plasma spectrophotometry (ICAPS;
Tucker, 1992). Measured concentrations (g kg-1) were converted to contents (kg ha-1) using the
measured bulk density and 10-cm sample depth interval.

Gas Sampling and Analyses
On 31 May, 2018, and on 16 May 2019, 30-cm diameter, 30-cm tall PVC base collars
were installed in each of the six site position-tillage treatment combinations within the study
area. All base collars were placed on top of alternating raised beds (i.e., bed 2, 4, 6 of the six
within each tillage strip) and pounded into the soil to a depth of 12 cm with the use of a wooden
board and a rubber mallet. Each collar contained portions of two rice rows. Base collars had a
beveled bottom to facilitate installation and four, 12.5 mm-diameter holes drilled 12 cm from the
beveled end to allow free movement of water into and out once the base collars were installed
and furrow-irrigation began (Rogers et al., 2014; Smartt et al., 2016; Rector et al., 2018).
Gas sampling occurred approximately weekly between rice planting and harvest [i.e., 20,
27, 33, 40, 47, 54, 61, 68, 75, 82, 89, 96, 101, 108, 115, and 122 days after planting (DAP),
which was 17 May, 2018, and 21, 28, 35, 42, 49, 56, 63, 70, 77, 84, 91, 98, 105, 112, 118, and
125 DAP, which was 30 April 2019], for a total of 16 measurement dates for each growing
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season. Immediately before gas sampling, the four drilled holes were sealed with 1.3-cmdiameter rubber stoppers (part #73828A-RB, Voigt Global, Lawrence, KS). In order to
accommodate rice plant growth, 40 and 60-cm long PVC extensions were attached to the base
collars, when necessary during the growing season, with a rubber flap (i.e., cut piece of tire inner
tube) (Rector et al., 2018).
Following previous, recent studies (Rogers et al., 2014; Smartt et al., 2016; Rector et al.,
2018), gas sample collection during the 2018 growing season occurred between 0800 and 0900
hours on given sample dates. Immediately before gas collection, a 30-cm diameter, 10-cm tall
cap was placed on top of the base collars or extenders and sealed with a rubber flap in order to
create a sealed, closed-headspace chamber (Rogers et al., 2014; Smartt et al., 2016; Rector et al.,
2018). Each cap was equipped with a 2.5-cm2 fan (MagLev GM1202PFV2-8, Sunon Inc., Brea,
CA) installed on the bottom side of the cap to mix the chamber headspace during sampling. The
fan was powered by a 9-V battery installed on top of the cap and connected to the fan by battery
straps and wires passing through the caps without compromising the sealed headspace chamber
(Rogers et al., 2014; Smartt et al., 2016; Rector et al., 2018). On the side of each cap, a 15-cmlong, 0.63-cm-inside-diameter copper refrigerator tube was mounted to establish pressure
equilibrium between the headspace chamber and the outside environment (Rogers et al., 2014;
Smartt et al., 2016; Rector et al., 2018). Caps and extenders were wrapped in reflective
aluminum tape (Mylar metallized tape, CS Hyde, Lake Villa, IL) to minimize temperature
increase and fluctuation inside the sealed chamber during sampling. Caps were also equipped
with a septa (part #73828A-RB, Voigt Global, Lawrence, KS) inserted in a 12.5-cm-diameter
hole in the top of the cap. One of the caps had an additional septum inserted on the top to allow
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the insertion of a thermometer used to keep track of the temperature inside the sealed chamber
during sampling.
Following previous, recent studies (Rogers et al., 2014; Smartt et al., 2016; Rector et al.,
2018), gas samples were collected at 20-minute intervals (i.e., 0, 20, 40, 60 minutes) over a1-hr
period. A 20-mL syringe, with a 0.5- x 25-mm needle [Beckton Dickson and Co (B-D), Franklin
Lakes, NJ], was inserted in the septa in the cap to collect 20 mL headspace gas at the different
time intervals. The syringe was left open inside the septa for 5 seconds to allow the gas to evenly
distribute inside. The syringe was then removed from the septa and inserted in a pre-capped (20mm headspace crimp cap; part #5183-4479, Agilent Technologies, Santa Clara, CA), preevacuated 10-mL glass vial (part #5182-0838, Agilent Technologies, Santa Clara, CA). The gas
was transferred in the glass vial, pushing the syringe in a closed position and waiting 5 seconds
to allow the gas to distribute inside the vial. The syringe was then removed from the vial while
still in a closed position. Gas samples were collected on a weekly basis from June 6 to September
16. Air temperature, relative humidity, and barometric pressure were measured at the beginning
of each time interval with a portable meteorological station (S/N: 182090284, Control Company,
Webster, TX). The height of the chamber was measured from the soil surface or from the top of
standing water if present for proper chamber volume determination. At the end of each gas
sampling date, caps, extenders, and stoppers were removed from the base collars until the next
gas collection.
Gas-containing vials were stored at room temperature and analyzed within 24 hours of
gas collection. Gas samples were analyzed with a Shimadzu GC-2014 ATFSPL 115V gas
chromatograph (GC; Shimadzu North America/Shimadzu Scientific Instruments Inc., Columbia,
MD) using a flame ionization detector (FID) for CH4 and CO2. Any CO2 present was converted
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to CH4 through the use of a methanizer connected to the instrument for analysis. Nitrous oxide
was analyzed using an electron capture detector (ECD). Helium gas was used as the carrier gas
for sample analysis. A mix of hydrogen, helium, and compressed air gas was used to sustain the
flame of the FID, while argon gas was used as reference gas for the ECD.
Following recent, previous studies, the change in gas concentration over the 20-min
sampling intervals (i.e., 0, 20, 40, and 60 min) was used to determine the fluxes of CH4, N2O,
and CO2 (Rogers et al., 2014; Smartt et al., 2016). The slope of the best-fit line obtained with
linear regression analysis was multiplied by the measured volume of the chamber and divided by
the surface area of the chamber to obtain the gas flux (µL m-2 min-1; Parkin and Venterea, 2010).
Only gas fluxes (i.e., slopes) ≥ 0 were retained, while negative fluxes were not considered in this
study. Seasonal emissions (kg ha-1 season-1) were determined on a chamber-by-chamber basis
through linear interpolation between fluxes on consecutive sampling dates. Global warming
potential (GWP) was determined on a chamber-by-chamber basis using conversion factors of
298 and 34 for N2O and CH4, respectively, to convert to CO2 equivalents (Rector et al., 2018).

Quality Assurance and Quality Control
Several steps were taken during the research project to control the quality of the data
collected. On 10 different dates in 2018 (i.e., 27, 67,75, 81,88, 95, 101, 108, 115, and 122 DAP)
and on 15 different dates in 2019 (i.e., 21, 28, 35, 42, 49, 56, 63, 70, 77, 84, 91, 98, 105, 112,
118 DAP) volumetric soil water content measurements were recorded inside the base collars and
at a distance of 10 cm (4 in) from the collar in both the up- and down-slope directions using a
Theta Probe (SM 150, Delta-T Devices Ltd, Cambridge, UK) to evaluate the potential effects of
tillage, site position, and chamber presence (i.e., inside and outside the chamber) on soil water
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content throughout the growing season because large spatial variations of soil moisture were
expected from using the furrow-irrigated rice production system.
Proper functioning of the caps was checked twice before a sampling date. General
maintenance on the caps, aimed to ensure proper functioning of the fan, septa, and refrigerating
tube, was performed a few days before each sampling date. An additional check of the caps was
performed at the study area right before the beginning of the sampling procedure. Gas sampling
vials were evacuated with a pump system that was able to exert a vacuum of -150 kPa [-22
pounds per square inch (psi)] and flushed with N2 gas at a pressure of 275 kPa (40 psi). An
evacuation cycle consisted of 1 minute of vacuum and 15 seconds of N2. The cycle was repeated
twice and ended with an additional 1 minute of vacuum.
Trip blanks were used during the entire period of study to check that the vacuum in the
evacuated sample vials was maintained during transport to the field and back to the laboratory.
Ten evacuated vials (~10 % of the total number of vials per weekly set) were prepared as trip
blanks for the first sampling date (Venterea, 2010). Five of the 10 vials were checked when
reaching the study area, while the remaining five were checked in the laboratory right before
analysis on the GC. For the remaining 15 sampling dates, four evacuated vials were prepared as
trip blanks, where two vials were checked right before gas collection and two right before
laboratory analysis. In order to establish the presence of the vacuum in the trip-blank vials, a
syringe was inserted in the vials in the open position. If unaltered, the vacuum pulled the syringe
approximately half way closed before reaching equilibrium. At the end of the field sampling
procedure, the vials containing the gas samples were placed upside down in a foam suitcase (part
# 100801-ORG, Condition One, Inc., Brisbane, CA) to avoid contamination during the transport
according to the EPA standards for transporting gas samples (USEPA, 2010).
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The capacity of the sampling vials to maintain a vacuum and remain pressurized, once
the gas sample was injected, was tested on two sets of 42 vials each over a period of two weeks.
One set consisted of evacuated vials, while the other set consisted of vials containing 20 mL of
N2 gas. Every day, three vials from both sets were checked. The evacuated vials were checked to
determine the presence of the vacuum with the same procedure as for the trip blanks. The set of
vials containing gas was checked by inserting a 20-mL syringe in a closed position. If present,
the pressure inside the vials would open the syringe approximately half way before reaching
equilibrium.

Environmental Factor Monitoring
Volumetric soil water content, soil temperature, and soil oxidation-reduction (redox)
potential (Eh) were continuously measured throughout most of the growing season to evaluate
environmental factors known to affect GHG production and emissions. On May 31 2018, and on
May 16 2019, two water content reflectometers (Model CS616, Campbell Scientific, Inc., Logan,
UT) and two thermocouples (Type E, chromel-constant) were installed in the up- and mid-slope
positions in both tillage treatments. Reflectometers were installed 61 cm (2 ft) from the base
collars in the up-slope direction at a depth of 7.5 cm (3 in). A small trench was excavated on top
of the raised bed and the reflectometer was inserted in a horizontal position into undisturbed soil.
Thermocouples were also installed in a horizontal position at the 7.5-cm (3 in) depth from the
top of the raised beds at a distance of 30.5 cm (1 Ft) from the base collars and 30.5 cm (1 Ft)
from the reflectometers. Six soil redox sensors (Model S65OKD-ORP, Sensorex, Garden Grove,
CA) and four thermocouples were installed at the down-slope position. Three redox sensors and
two thermocouples were installed in each of the two tillage treatments. Additionally, two redox
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sensors in each site-position tillage combination were installed in the up-slope and mid-slope
position in the 2019 growing season. Thermocouples were installed with the same procedure as
for the up- and mid-slope positions. Soil redox sensors were installed vertically at a depth of ~ 4
cm from the top of the raised beds at a distance of 30.5 cm (1 ft) from the base collars in the upslope direction. All the sensors were connected to a CR1000 datalogger (Campbell Scientific)
that recorded data at 5-minute intervals and output data averages every hour. One datalogger per
site position was installed between the CT and NT zones. Dataloggers were powered by a 12-V,
external battery and were checked weekly for proper functioning of the program and sensors.
Data were collected weekly at the end of each gas sampling.

Water Sampling and Analyses
On June 6 2018, and on June 25 2019, 12 water samples were collected from four
different locations surrounding the large furrow-irrigated field using125-mL, high-density
polyethylene bottles. Four samples were collected directly from the poly-pipe used to furrowirrigate the field while irrigation was occurring. Four samples were collected from the poly-pipe
running from the recycling pump to the crown of the field. Two samples were collected from the
large, surface reservoir on the north side of the study area and two samples were collected from a
canal source on the north side of the field. Water pH and EC were measured potentiometrically
and soluble nutrients (i.e., P, K, Ca, Mg, Fe, Mn, Na, S, Cu, B, and Zn) were measured by
Spectro Arcos ICP.
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Plant Sampling and Analyses
On September 16, 2018, and on September 2 2019, after the last gas sampling date, the
aboveground biomass inside the base collars was collected by cutting all plants 2 cm above the
soil surface. All soil particles were carefully removed to avoid contamination of the plant
samples. In addition, a 1-m-long row of rice plants was collected 1-m from the base collar in
both the up- and down-slope directions. The particular rice row was selected by visual
observation as the most representative row of the immediate area. All aboveground plant samples
were dried at approximately 55°C for 5 days and weighed to determine aboveground dry matter.
Subsamples of aboveground plant tissue collected from inside the base collars were ground and
sieved through a 2-mm mesh screen and analyzed for macro- and micro-nutrients (i.e. P, K, N,
Ca, Mg, S, Fe, Na, Mn, Zn, Cu, and B) by ICAPS after strong-acid digestion. Rice grains were
manually separated from the dry matter collected inside the base collars and weighed. The
weight of the rice grains was corrected to 12% moisture for report purposes. Subsamples of rice
grain were finely ground to a powder and analyzed for TN concentration by high-temperature
combustion on a VarioMax CN analyzer.

Statistical Analyses
Based on a split-plot experimental design, a two-factor analysis of variance (ANOVA)
was performed using the Glimmix procedure in SAS 9.4 (SAS Institute, Inc., Cary, NC) to
determine the effects of tillage, site position, and their interaction on initial soil properties from
the top 10 cm, soil properties at the end of the growing season, and their difference in 2018. A
single-factor ANOVA was performed separately by year using SAS to evaluate the effect of
water source (i.e. reservoir, canal, polypipe, and the ponded flood water) on water properties. A
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two-factor ANOVA was performed using SAS to evaluate the effect of tillage (CT and NT) and
site position (up-, mid-, and down-slope) on the difference in soil moisture inside and outside
base collars (Diff-VWC), which was conducted separately by measurement date each year. Least
square means were evaluated to determine if Diff-VWC differed from zero. When main effects
or interactions were significant, means were separated by least significant difference (LSD) at
the α = 0.05.
Combining data across site positions, tillage treatments, and years, linear correlation
analyses were performed using JMP (version 14.3.0, SAS Institute, Inc., Cary, NC). Correlation
analyses were performed to evaluate the relationships between GHG fluxes, separately by gas
(i.e., CH4, N2O, and CO2), and environmental factors (i.e., VWC, redox potential, and soil
temperature). Environmental variables were extracted from the time-series dataset for the same
1-hr time period during which each GHG measurement was conducted for every measurement
date. Correlation analyses were also performed between GHG emissions, separately by gas (i.e.,
CH4, N2O, CO2), and GWP and initial soil physical and chemical properties [i.e., sand, silt, and
clay, BD, pH, EC, SOM, TN, TC, C:N ratio, extractable soil nutrients (i.e., P, K, Ca, Mg, S, Na,
Fe, Mn, Zn)] and end-of-season plant properties (i.e., aboveground plant dry matter, rice yield,
plant tissue and grain N). A continuous, normal distribution was assumed for all variables used
in the correlation analyses. No data outliers were formally observed. Linearity, but not
homoscedasticity, was assumed.
Similar to procedures used by Brye et al. (2006), combining data across site positions,
tillage treatments, and years and based on only the terms that resulted in a significant linear
correlation, multiple linear regression analyses were performed in JMP using a stepwise, forward
regression function. Two multiple regression models were identified for season-long emissions
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for each gas and GWP: one model containing all soil and plant properties that were individually
significantly correlated with season-long GHG emissions or GWP and a second, reduced model
that retained at least one significant parameter and resulted in the largest coefficient of
determination (R2). The maximum likelihood of all models was fit using Bayesian Information
Criterion as the stopping rule. Significance was determined at the 0.05 level.

Results and Discussion
Near-surface Soil Properties
Beginning of the Growing Season
Soil properties were evaluated in the top 10 cm at the beginning of the 2018 growing
season to assess the degree of soil property variability within the furrow-irrigated rice field. The
distribution sand, silt, and clay revealed a silt-loam textural class throughout the entire study area
(Table 1). Specifically, clay ranged from 0.13 g g-1 in the CT-up- and mid-slope to 0.15 g g-1 in
the CT-down- and NT-up- and down-slope treatment combinations (Table 1). Sand ranged from
0.12 g g-1 at the CT/NT-down-slope to 0.16 g g-1 at the CT-up-slope treatment combination
(Table 1). Soil BD ranged from 1.11 g cm-3 in the CT-mid- to 1.30 g cm-3 in the NT-up-slope
treatment combination (Table 1).
Soil pH was acidic in all site position-tillage treatment combinations, ranging from 4.75
to 5.6 in the CT-down- and NT-up-slope treatment combination, respectively (Table 1). All
treatment combinations had mean soil pHs within the 5.0 to 6.75 optimal pH range for rice
growth (Havlin et al., 2014), except the CT- and NT-down-slope treatment combinations, which
had soil pHs < 5.0 (Table 1). The more frequent submerged status in the down-slope than at the
up- and mid-slope positions during previous seasons most likely contributed to the accumulation
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of acid-forming radicals and organic acids that lowered soil pH (Havlin et al., 2014). Soil EC
ranged from 0.12 to 0.19 dS m-1 in the CT-down- and CT-up-slope treatment combinations,
respectively (Table 1).
Extractable soil P ranged from 0.02 Mg ha-1 in the NT-up-, NT-mid-, and CT-mid-slope
combinations, where the soil-test P concentration was in the low soil-test category (16 to 25 mg
P kg-1) to 0.05 Mg ha-1 in the CT-up-slope combination (Table 1), which was the only treatment
combination with a soil-test P concentration above ‘optimum’ (≥ 51 mg P kg-1) for rice produced
in Arkansas (Norman et al., 2013). The down-slope position had similar extractable soil P
contents in both tillage treatments (0.04 Mg ha-1; Table 1). Extractable soil K ranged from 0.16
Mg ha-1 in the NT-up- to 0.24 Mg ha-1 in the CT-up- and down-slope treatment combinations
(Table 1). Soil-test K concentrations at the beginning of the 2018 growing season were within
the ‘optimum’ range (131 to 175 mg K kg-1) for fertilizer recommendations for rice grown in
Arkansas (Norman et al., 2013).
Extractable soil Ca constituted the most abundant element among the extractable
nutrients in the top 10 cm of soil in the study area (Table 1). Extractable soil Ca and Mg ranged
from 0.70 Mg Ca ha-1 in the CT-down- and 0.12 Mg Mg ha-1 in the CT-down- to 1.21 Mg Ca ha-1
and 0.23 Mg Mg ha-1 in the NT-up- and CT-up- treatment combinations, respectively (Table 1).
Soil Ca and Mg concentration in all treatment combinations were above the low soil-test
category (i.e., the only category given for soil Ca < 400 and Mg < 30 mg kg-1) for row crops in
Arkansas (Espinoza et al., 2012; Norman et al., 2013). Extractable soil S contents were similar
among all treatment combinations (0.02 Mg ha-1), while extractable soil Na ranged from 0.03 Mg
ha-1 in the CT-down- to 0.13 Mg ha-1 in the NT-up-slope treatment combination (Table 1).
Extractable soil Fe ranged from 0.29 Mg ha-1 in the CT-up- to 0.88 Mg ha-1 in the NT-down-
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slope treatment combination, while extractable soil Mn ranged from 0.17 Mg ha-1 in the CTdown- to 0.41 Mg ha-1 in the NT-up-slope treatment combination (Table 1). Extractable soil Zn
ranged from 0.01 Mg ha-1 in the CT-mid-, NT-up-, and NT-mid- to 0.03 Mg ha-1 in the NTdown-slope combination (Table 1). All extractable soil Zn concentrations in the top 10 cm were
within the ‘optimum’ category (> 8.1 mg Zn kg-1) for rice production in Arkansas (Norman et al.,
2013).
Soil TN in the top 10 cm ranged from 1.0 Mg ha-1 in the NT-up- to 1.15 Mg ha-1 in the
NT-down-, while soil TC ranged from 8.5 Mg ha-1 in the NT-up- to 10.6 Mg ha-1 in the NTdown-slope treatment combination (Table 1). Soil organic matter ranged from 23.7 Mg ha-1 in
the CT-mid- to 27.1 Mg ha-1 in NT-down-slope treatment combination (Table 1). Soil C:N ratio
ranged from 8.5 in the NT-up- to 9.53 in the CT-down-slope treatment combination (Table 1).
The TC:SOM ratio ranged from 0.35 in the NT-up- to 0.41 in the CT-mid-slope treatment
combination, while the TN:SOM ratio was similar among all treatment combinations (0.04;
Table 1). The generally widely varying soil properties among treatment combinations throughout
the furrow-irrigated study site facilitated the assessment of the relationships among soil
properties and season-long GHG emissions.
Considering the large soil property variations throughout the furrow-irrigated study site,
all measured soil properties were affected by site position, tillage, and/or their interaction (P <
0.05; Table 2). Soil EC, extractable soil K, Ca, Mg, S, Na, Fe, and Mn, and TN, TC, and SOM
contents differed (P < 0.05) among site positions (Table 2). Averaged across tillage, soil EC, and
extractable soil Ca, Mg, Na, and Mn contents were at least half time greater in the up- than in the
down-slope position (Table 1). In contrast, averaged across tillage treatment, extractable soil K,
Fe, and Zn, and TC, TN, and SOM content were at least 1.1 time greater in the down- than in the
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mid-slope position (Table 1). Nutrient solubility has been shown to be highly correlated to water
availability in agricultural fields and to soil pH (Stevenson and Cole, 1999). With soil pH < 6,
extractable nutrients, such as P, K, Fe, and Zn, are highly soluble (Stevenson and Cole, 1999),
which explains the larger elemental contents at the generally wetter down-slope position
compared to the relatively drier mid- and up-slope positions (Table 1).
Soil BD, extractable soil K, Ca, Na, Fe, and Mn, and SOM contents differed (P < 0.05)
between tillage treatments (Table 2). Averaged across site position, soil BD, extractable soil Ca,
Na, Fe, and Mn, and SOM content were at least 1.1 (10%) time greater under NT than CT, while
extractable soil K was the only soil property that was 1.1 (10%) times greater under CT than NT
(Table 1). The residue-covered soil surface under NT protected the soil surface from wind and
water erosion and rapid SOM decomposition (USDA-NRCS, 2005) likely contributing to the
greater extractable nutrient and SOM contents (Table 1).
Soil pH and extractable soil P and Zn contents differed (P < 0.05) among site-positiontillage combinations (Table 2). Averaged across site-position-tillage treatment combinations, pH
in the NT-upslope combination was 1.2 (20%) and 1.1 (10%) times greater than pH at the CTand NT-downslope combinations respectively (Table 1). The accumulation of organic acid due
to prolonged flooded conditions from previous seasons, determined the lower pH values in the
NT- and CT-downslope combinations. Extractable soil P in the CT-up-slope combination
recorded an averaged content that was 2.5 (150%) times greater than in CT-mid, NT-up and midslope combinations respectively (Table 1). Extractable soil Zn in the NT-downslope
combinations was 3 (200%) and 1.5 (50%) times greater than in CT-mid-slope, NT-up- and midslope and in CT-up-slope combinations respectively (Table 1). Since all measured near-surface
soil property differences, except for BD, were affected by site position and 53% of the soil
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properties were affected by tillage treatment, it was clearly justified to consider site position and
tillage treatment as formal experimental factors in this field study.

End of the Growing Season
By the end of the 2018 growing season, soil nutrients present in the top 10 cm had
substantially different distributions than at the beginning of the growing season. At the end of the
growing season, extractable soil K, Ca, Mg, and TC, TN, and SOM contents differed (P < 0.05)
among site positions and extractable soil Mg and Zn and TN contents differed (P < 0.05)
between tillage treatments, while extractable soil P, S, Fe, and Mn differed (P < 0.05) among site
position-tillage combinations (Table 3). Extractable soil K was 1.3 (30%) and 1.2 (20%) times
greater in the down-slope than in the up- and mid-slope positions, respectively, while Ca and Mg
were 1.2 (20%) times greater in the up-slope than in the mid- and down-slope position (Table 3,
4). In contrast, extractable soil Zn, TC, TN, and SOM contents were greater in the down-slope
than in the up- and mid-slope positions (Table 3, 4). Extractable soil Zn was 2 (100%) and 1.3
(30%) times greater, while TC was 1.2 (20%) and 1.1 (10%) times greater in the down-slope
than in the up- and mid-slope positions, respectively. Total N was 1.1 (10%) and 1.03 (3%) times
greater, while SOM was 1.1 (6%) and 1.1 (10%) times greater in the down-slope position than in
the up- and mid-slope positions, respectively (Table 3, 4). The application of irrigation
throughout the growing season most likely influenced the movement and accumulation of
soluble nutrients (i.e., K and Zn), TC, TN, and SOM at the down-slope position.
The greater Ca and Mg contents in the up-slope position could be related to the supply of
the two elements from the water used for irrigation. At the end of the 2018 growing season,
extractable soil Mg was 1.1 (10%) times greater in CT than NT (Table 3, 4). Similarly, TN (Mg
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ha-1) was 1.1 (10%) times greater in NT than in CT. Studies on the effect of tillage and
micronutrient availability showed that NT or reduced tillage accumulates SOM in the upper soil
layers, whereas SOM is uniformly mixed to a plow depth under a CT, favoring a stratification of
SOM under NT that can lead to varying distribution of micronutrients (Dossou-Yovo et al.,
2016).
Averaged across site position-tillage treatment combinations, extractable soil P and Fe
ranged from 1.25 (25%) to 2.5 (150%) and from 1.03 (3%) to 2.4 (140%) times greater,
respectively, in the NT-down-slope position than in all the other site position-tillage treatment
combinations (Table 3, 4). Extractable soil S also ranged from 1.04 (4%) to 1.3 (30%) times
greater in the NT-down-slope position than in all the other site position-tillage treatment
combinations (Table 3, 4). In contrast, extractable soil Mn at the end of the 2018 growing season
was 1.2 (20%) to 1.5 (50%) times greater in the CT-up-slope position than in all the other siteposition tillage treatment combinations (Table3, 4).
Considering both the beginning (Table 2) and end (Table 3) of the growing season, 93%
of soil properties differed among site positions. The continuous flow of water at the up- and midslope position and the ponding of water at the down-slope position contributed to an unequal
infiltration and movement of water and nutrient redistribution. Combining the beginning (Table
2) and the end (Table 3) of the season, ~52% of soil properties differed (P < 0.05) between
tillage treatments. At the beginning of the season, 20% of the soil properties differed (P < 0.05)
among site position-tillage treatment combinations (Table 2), while ~27% of soil properties
differed (P < 0.05) among site position-tillage combinations at the end of the season (Table 3).
The purpose of tillage is to lift, twist, and invert the soil portion of the plow layer,
typically 5 to 20 cm deep, incorporating crop residues and animal wastes to favor the
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decomposition process (Hardke, 2017). Tillage, therefore, affects soil aggregation and stability,
soil aeration, water-holding capacity, the ability to withstand erosion, and C and N storage
(Motschenbacher et al., 2015). Tillage treatments affected soil properties likely due to the mixing
of soil material in the plow layer, but irrigation and fertilizer applications likely reduced the
effects of tillage by equilibrating nutrient concentrations between the CT and NT sections of the
study area by the end of the growing season (McCarty et al., 1998).

Change Over the Growing Season
Over the 2018 growing season, the change in extractable soil K and Na contents from the
beginning to the end of the season differed (P < 0.05) between tillage treatments, while the
change in soil TN content from the beginning to the end of the season differed (P < 0.05) among
site positions (Table 5). Extractable soil K decreased from beginning to end of the 2018 growing
season in all site position-tillage treatment combinations, however the decrease under NT was
2.4 (140%) times greater than that under CT. In contrast, extractable soil Na increased in almost
all the site position-tillage treatment combinations from the beginning to the end of the growing
season; however, the increase under CT was 1.2 times greater than under NT. Similar to K, TN
decreased in all the site position-tillage treatment combinations from the beginning to the end of
the growing season; however, the up-slope position decrease was 1.5 (50%) and 1.1 (10%) times
greater than the mid- and down-slope positions, respectively. The soil TN differences along the
length of the field could be related to the movement of the nutrients with the water flow due to
irrigation practices. The presence of slowly decomposing surface residues under NT throughout
the growing season likely affected the soil K and Na difference between tillage treatments (Table
5).
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Water Quality Differences
Irrigation water quality can affect soil physical conditions and crop yields along with
cultural practices (Brady and Weil, 2008). Consequently, numerous water quality parameters
were characterized in various water sources to assess the quality of water used for irrigation in
the study area for the 2018 and 2019 growing seasons. In 2018, only water K and Mg
concentrations differed (P < 0.05) among water sources, while pH, EC, and P, Ca, S, and Na
concentrations differed (P < 0.05) among water sources in 2019 (Table 6).
Water pH from various sources over the two growing seasons was generally near neutral
to alkaline (Table 6). Water pH in 2018 ranged from 6.5 coming out of the irrigation poly-pipe to
9.0 in the surface canal and averaged 7.7 across all water sources. However, in 2019, pH in the
down-slope ponded flood water (7.0) was lower (P < 0.05) than that in the surface reservoir
(7.14; Table 6). Almost all locations across both years had measured water pHs within the
optimal range (6.5 to 8.5) for crop production (AWRC, 2017), except for the surface canal water
in 2018 (Table 6). The larger concentration of hydroxide ions (OH-) measured in the surface
canal water in 2018 (pH 9.0) was in the category of high concern and suggested the presence of
bicarbonate, which can cause the loss of calcium and magnesium from the soil by precipitation
(AWRC, 2017).
Water EC ranged from 0.13 dS m-1 in the surface reservoir to 0.21 dS m-1 in the downslope ponded flood water and averaged 0.17 dS m-1 across all water sources in 2018 (Table 6).
However, in 2019, water EC was lowest (P < 0.05) in the ponded flood water (0.08 dS m-1) and
largest in the surface reservoir (0.15 dS m-1; Table 6). Water EC in all four water sources in both
seasons was in the low category (< 0.75 dS m-1), indicating the absence of the risk of possible
salt accumulation, a phenomenon usually occurring in soil with poor internal drainage, such as a
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rice field, with irrigation water that has large EC (AWRC, 2017).
In 2018, nutrient concentrations in the various water sources were often at least
numerically largest in the ponded flood water after accumulation and transport along the length
of the furrow-irrigated field, but that trend did not occur in 2019. Water P concentration in 2018
ranged from 0.02 mg L-1 in the surface reservoir, surface canal, and poly-pipe, to 0.07 mg L-1 in
the ponded flood water and averaged 0.03 mg L-1 across all water sources (Table 6). However, in
2019, the water P concentration was six times greater (P < 0 .05) in the surface reservoir (0.06
mg L-1) than in the poly-pipe (0.01 mg L-1; Table 6). Water K concentration in 2018 was 2.4
(140%) times greater (P < 0 .05) in the ponded flood water (10.0 mg L-1) than in the surface
reservoir (4.1 mg L-1), while, in 2019, water K concentration ranged from 3.2 mg L-1 in the
ponded flood water to 4.6 mg L-1 in the surface reservoir and averaged 4.2 mg L-1 across all
water sources (Table 6). In 2018, water Ca concentration ranged from 4.9 mg L-1 in the surface
canal to 9.4 mg L-1 in ponded flood water and averaged 7.0 mg L-1 across all water sources
(Table 6). However, in 2019, water Ca concentration was 2.1 (110%) times greater (P < 0.05) in
the surface reservoir (10 mg L-1) than in the ponded flood water (4.7 mg L-1; Table 6).
Water Mg concentration in 2018 was 1.1 (10%) times greater (P < 0 .05) in the ponded
flood water (2.47 mg L-1) than in the surface canal (2.17 mg L-1) (Table 6). However, water Mg
concentration in 2019 ranged from 1.6 mg L-1 in the ponded flood water to 2.8 mg L-1 in the
surface reservoir and averaged 2.4 mg L-1 across all water sources (Table 6). In 2018, water S
concentration ranged from 1.5 mg L-1 in the surface reservoir to 2.1 mg L-1 in the ponded flood
water and averaged 1.7 mg L-1across all water sources, while, in 2019, water S concentration was
1.6 times greater (P < 0.05) in the surface reservoir (1.5 mg L-1) than in the ponded flood water
(0.9 mg L-1; Table 6). All water samples collected in both seasons had S concentrations that were
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considered to be in the low-risk category for water quality (< 150 mg L-1; AWRC, 2017). In
2018, water Na concentration ranged from 3.0 mg L-1 in the surface reservoir to 7.8 mg L-1 in the
surface canal and averaged 5.37 mg L-1 across all water sources, while, in 2019, water Na
concentration was 1.4 times greater (P < 0.05) in the surface canal (10.7 mg L-1) than in the
ponded flood water (7.7 mg L-1; Table 6). All water samples collected in both seasons had Na
concentrations that were considered to be in the low-risk category for water quality (< 70 mg L-1;
AWRC, 2017).
Water Fe, Mn, and B concentrations did not differ (P > 0.05) among water sources in
ether year (Table 6). In 2018, water Fe concentration, which contributes to water hardness,
ranged from 0.07 mg L-1 in the surface canal to 0.34 mg L-1 in the poly-pipe and averaged 0.2 mg
L-1 across all water sources (Table 6). Water from the irrigation poly-pipe and the surface
reservoir had water Fe concentrations of medium concern (0.2 to 1.5 mg L-1), while water Fe
concentrations in the surface canal and ponded flood water were in the low-risk category for
water quality (< 0.2 mg L-1; AWRC, 2017). However, no phyto-toxic levels of water Fe (> 5 mg
L-1; AWRC, 2017) were measured in any water source in 2018. In 2019, water Fe concentration
ranged from 1.2 mg L-1 in the surface reservoir to 3.9 mg L-1 in the ponded flood water and
averaged 2.8 mg L-1 across all water sources (Table 6). Although all water samples collected in
2019 showed a high level of concern for water Fe (> 1.5 mg L-1), toxic levels of Fe for plant
growth have been observed only with water Fe concentrations greater than 5 mg L-1 (AWRC,
2017). Water Mn concentrations averaged 0.01 mg L-1 across all water sources in both years,
while water B concentrations averaged 0.025 mg L-1 in 2018 and 0.01 mg L-1 in 2019 across all
water sources (Table 6). Despite some differences in water quality among water sources in both
years, collectively, the water quality among all four water sources in 2018 and 2019 was suitable
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for crop production (AWRC, 2017).

Potential Base-collar Effects on Soil Water Content and Plant Productivity
In both seasons, the presence of the gas sampling base collars had minimal effect on soil
VWC and plant growth. In 2018, the difference in volumetric water content (VWC) in the top 6
cm inside and outside the gas sampling base collars (Diff-VWC) was unaffected by tillage on
each of the 10 and unaffected by site position on nine of the 10 weekly sample dates (Table 7;
Della Lunga et al., 2020). However, in 2019, the near-surface VWC was more variable, thus
more differences occurred among treatments. The difference in soil VWC in the top 6 cm inside
and outside the gas sampling base collars was unaffected by tillage on 12 and unaffected by site
position on nine of the 15 weekly sampling dates in 2019 (Table 7; Della Lunga et al., 2020).
In 2018, neither aboveground DM nor yield inside the base collars were affected by
tillage or site position (P > 0.05). Aboveground rice DM ranged from 7.9 Mg ha-1 in the NT-upslope treatment combination to 10.9 Mg ha-1 in the CT-mid-slope treatment combination and
averaged 10 Mg ha-1 throughout the whole study area. Rice yields ranged from 3.5 Mg ha-1 in the
NT-up-slope treatment combination to 5.7 Mg ha-1 in the NT-mid-slope treatment combination
and averaged 4.5 Mg ha-1 throughout the whole study area in 2018.
Similar to 2018, neither aboveground DM nor yield inside the base collars in 2019 were
affected by tillage or site position (P > 0.05). Aboveground rice DM ranged from 10.7 Mg ha-1 in
the NT-down-slope treatment combination to 16.2 Mg ha-1 in the CT-up-slope treatment
combination and averaged 12.9 Mg ha-1 throughout the whole study area. Rice yields ranged
from 6.5 Mg ha-1 in the NT-down-slope treatment combination to 8.8 Mg ha-1 in the CT-up-slope
treatment combination and averaged 7.3 Mg ha-1 throughout the whole study area in 2019.
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Results clearly demonstrated that, even though soil moisture varied over the course of the
2018 and 2019 rice growing seasons due to natural rainfall and periodic furrow irrigation, the
presence of GHG sampling base collars did not have a substantial effect on soil surface VWC,
aboveground DM, or rice yield in the furrow-irrigated production system. The standard, closedchamber method for plot-scale, trace gas emissions research showed to be more than reasonably
applicable for continued use in a furrow-irrigated rice production system (Della Lunga et al.,
2020). Furthermore, this study also contributed to, strengthening the validity and reliability of the
vented, non-steady-state, non-flow-through, closed-chamber method (Della Lunga et al., 2020).

Vial Vacuum and Pressurization Tests for Quality Control
Results from the two sets of 42 vials each, tested to evaluate the capacity to maintain
vacuum and remain pressurized over a period of two weeks, showed that more than 95% of the
vials maintained a vacuum and/or the pressure for at least two weeks. In more than 95% of the
vials tested, after two weeks, the remaining vacuum pulled the syringe approximately half way
closed (i.e., to the 10-mL mark) before reaching equilibrium and the remaining pressure inside
the vials opened the syringe approximately half way (i.e., to the 10-mL mark) before reaching
equilibrium. In addition, the vacuum blanks prepared for every sample date over the two-year
study showed that, in all instances, vacuum was still present in the vials when checked at the
study site and in the laboratory right before analysis, demonstrating the trip to and from the study
site did not cause any vacuum leakage in the pre-prepared gas sampling vials.

68

Environmental Factor Trends over Time
Soil water content, soil temperature, and soil redox potential measurements, either
individually or collectively, can constitute useful tools for irrigation scheduling purposes and can
provide detailed descriptions of the environmental conditions in which greenhouse gases are
produced (Barker et al., 2017; Rector et al., 2018). Consequently, soil water content, soil
temperature, and soil redox potential were continuously measured throughout the 2018 and 2019
rice growing seasons to evaluate their magnitudes and potential differences among site positions
and between tillage treatments.

Soil Water Content
Soil VWC trends over time showed somewhat different environmental conditions in the
2018 and 2019 growing seasons. The up- and mid-slope positions in 2018 had relatively greater
VWC at the 7.5-cm depth under NT than under CT (Figure 1), while up- and mid-slope positions
in 2019 had relatively greater VWC under CT than under NT (Figure 2). The up-slope position
in 2018 had VWCs that ranged from 0.33 and 0.27 cm3 cm-3 at 26 and 27 days after planting
(DAP) under NT and CT, respectively, to 0.53 and 0.52 cm3 cm-3 at 113 and 114 DAP under NT
and CT, respectively (Figure 1). At 15 DAP, VWC started at 0.41 and 0.34 cm3 cm-3 in the NT
and CT sections, respectively, at the up-slope position (Figure 1). Subsequently, VWC under
both tillage treatments in the up-slope position followed similar trends throughout the 2018
growing season in response to rainfall and furrow irrigation (Figure 1). However, VWCs under
NT were consistently greater than under CT in the up-slope position for the majority of the 2018
growing season, which was most likely related to the presence of crop residues that slowed down
the flow of water to some degree, especially during irrigation, favoring infiltration into the soil
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and reducing evaporation. Additionally, the passage of the disk and field cultivator in the CT
section of the study area most likely disrupted the macro-pores and favored the formation of a
slight surface soil crust (Negassa et al., 2015), which was observed in the CT/up-slope
combination after a drying and wetting cycle started at 24 and ended at 26 DAP (Figure 1). The
presence of a surface soil crust was observed until at least 75 DAP. Furthermore, the NT/upslope combination had a slightly greater clay content (15%), thus a likely slightly greater waterholding capacity due to improved soil aggregation (Brady and Weil, 2008), than the CT/up-slope
combination (13%).
At 19 and 20 DAP, VWC increased 0.11 and 0.07 cm3 cm-3 under CT and NT,
respectively, in response to the irrigation application of 2.5 cm ha-1 and a rainfall event of 1.5 cm
that occurred at 20 DAP over a 2-hr period (Figure 1). The drying that occurred in both tillage
treatments from 20 to 26 DAP (Figure 1) was necessary to achieve to ensure that the fertilizer-N
application was performed on a dry soil in order to avoid ammonia volatilization, a process that
urea undergoes when applied to wet-soil conditions (Yan et al., 2000b). From 47 to 118 DAP,
VWCs in the up-slope position under both tillage treatments oscillated, but never decreased
below 0.40 cm3 cm-3 or increased above 0.53 cm3 cm-3, indicating a wet, but never saturated
condition (Figure 1), where the total porosity for the up-slope position, averaged across tillage
treatments, was estimated to be 54% based on early season bulk density measurements. The
relatively rapid decline in VWC after 118 DAP in both tillage treatments (Figure 1) was related
to draining the field to prepare for harvest.
Similar environmental conditions occurred at the mid-slope position in 2018, where
VWCs under NT were generally greater than under CT throughout the growing season (Figure
1). Both tillage treatments at the mid-slope position began the growing season at 15 DAP at
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lower VWCs, 0.25 and 0.21 cm3 cm-3 under NT and CT, respectively, than at the up-slope
position (Figure 1). Soil VWCs ranged from 0.25 cm3 cm-3 at 17 DAP to 0.50 cm3 cm-3 at 20
DAP under NT and ranged from 0.21 cm3 cm-3 at 17 DAP to 0.58 cm3 cm-3 at 65 DAP under CT
(Figure 1). The first furrow-irrigation event resulted in the greatest increase in VWC under NT,
0.24 to 0.48 cm3 cm-3, in the span of 24 hours (Figure 1). However, VWCs increased the most
under CT from multiple irrigation events later in the season, around 60 DAP, when VWC
increased from 0.28 to 0.57 cm3 cm-3 over a period of 5 days. From 63 to 70 DAP, CT
experienced VWCs that exceeded those under NT (Figure 1).
Deep tracks left by the passage of field equipment around the up- and mid-slope positions
of the study area were discovered at 75 DAP. The tracks most likely affected the down-slope
movement of water in the furrows and consequently the VWC surrounding the base collars,
specifically in the up- and mid-slope positions. At 80 DAP, a cleaning operation of the furrows
was performed to reestablish the regular flow of the water through the up- and mid-slope
sections of the study area, most likely causing the drying that occurred under CT at the mid-slope
position between 80 and 88 DAP (Figure 1). Contrary to up-slope, both tillage treatments in the
mid-slope position did not show any delayed response to the applied irrigation water (Figure 1),
which was most likely due to the slightly concave micro-topography at the mid-slope position
that slowed the flow of water, favoring infiltration. As observed in the up-slope position, VWC
trends at the mid-slope position also clearly showed the drying process that started at 118 DAP to
prepare for harvest (Figure 1). Estimated total porosity for the mid-slope position, averaged
across tillage treatments, was 56%, which demonstrated that, similar to the up-slope position, the
VWC in the mid-slope position never reached saturation, except for a very short period of time
under CT at 65 DAP (Figure 1). In addition, no difference in clay content was measured in the
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mid-slope position between tillage treatments to have possibly affected infiltration and/or waterholding capacity.
Soil VWC trends in the up- and mid-slope positions during the 2019 growing season
were somewhat different compared to the 2018 growing season (Figure 2). In contrast to 2018, in
the up-slope position in 2019, the VWC under CT was consistently at least slightly greater than
under NT, while VWC in the mid-slope position did not vary substantially between tillage
treatments, but lower VWCs were consistently achieved under NT than CT following prolonged
dry-down periods between rainfall and/or irrigation events (Figure 2). Excluding the drying
phase at the end of the growing season, VWCs in the up-slope position under NT ranged from
0.25 cm3 cm-3 at 84 DAP to 0.53 cm3 cm-3 at 55 DAP, while VWCs under CT ranged from 0.25
cm3 cm-3 at 84 DAP to 0.59 cm3 cm-3 at 65 DAP (Figure 2).
Compared to 2018, the 2019 growing season had wider VWC fluctuations in both the upand mid-slope positions. Greater growing-season (i.e., April to September) rainfall, 36.2 and
59.3 cm in 2018 and 2019, respectively, and lower dependence on total applied irrigation, 15 and
12 cm ha-1 in 2018 and 2019, respectively, likely caused the greater VWC fluctuations observed
in 2019 compared to in 2018. However, though less total irrigation water was applied in 2019,
irrigation frequency was actually greater in 2019 (Figure 2) than in 2018 (Figure 1). Similar to
up-slope, VWCs in the mid-slope position in 2019 ranged from 0.25 cm3 cm-3 at 63 DAP to 0.47
cm3 cm-3 at 76 DAP under NT and ranged from 0.26 cm3 cm-3 at 26 DAP to 0.55 cm3 cm-3 at 76
DAP under CT. As in 2018, VWCs in both positions under both tillage treatments began to
decrease around 118 DAP in preparation for harvest (Figure 2). Through the entire 2019 growing
season, the difference in VWC between tillage treatments in the mid-slope position did not
exceed 0.07 cm3 cm-3 (Figure 2). Estimated total porosity, averaged across tillage treatments, was
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58 and 57% in the up- and mid-slope positions, respectively, thus VWC at the two site positions
never reached saturation during the 2019 growing season (Figure 2). In the two growing seasons,
the VWC decreases, likely attributed to plant uptake and vertical drainage, and VWC increases
associated with rainfall irrigation events, resulted wet-dry cycles that never reached the upper
threshold of soil saturation, but exceeded the lower threshold of field capacity (Figure 1, 2).
While, in 2018, only the mid-slope position recorded VWC values below field capacity (~ 0.30
cm3 cm-3), both the up- and mid-slope positions in 2019 experienced VWC in excess of field
capacity repeatedly during the first half of the growing season (Figure 1, 2). The presence of the
tail-water pump at the lower end of the field likely reduced the fluctuations in VWC during the
second half of the growing season in both site positions in 2018 and 2019 (Figure 1, 2).
Additionally, the tail-water pump likely aided in maintaining a relatively greater VWC than
would be normally observed in the field under a more typical crop-production scenario.

Soil Temperature
Soil temperatures measured with thermocouples at the 7.5-cm depth in 2018 showed
uniform conditions across tillage treatments and site positions (Figure 3). The CT/NT and up/mid-slope combinations had similar soil temperature ranges, from a minimum of 21°C at 116
DAP to a maximum of 38°C at 30 DAP (Figure 3). During the first half of the 2018 growing
season, the up- and mid-slope positions had slightly greater soil temperatures than during the
second half of the growing season (Figure 3). From 15 to 66 DAP, the average soil temperature
in the up- and mid-slope positions in both tillage treatments was 27°C, while the average soil
temperature in the up- and mid-slope positions in both tillage treatments from 66 to 118 DAP
was 24°C (Figure 3). The greater near-surface soil water content in the second half of the
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growing season (Figure 3), along with the increased canopy coverage due to the growing rice
plants, likely attenuated solar radiation and maintained a cooler and constant environment in the
upper 7.5-cm soil layer.
Variations in vegetation cover can affect soil temperature (Song et al., 2013). Canopy
coverage influences the radiation balance, evaporation of soil water, and reflection of incoming
radiation. The insulation provided by residues or living plants is controlled by the amount and
associated thickness of the vegetative cover (Mandal et al., 2004). In a 7-year study in south Asia
on rice paddies, results showed a reduction of 3°C in the upper part of the soil when the rice
plants reached the end of the vegetative phase (Mandal et al., 2004). Additionally, the specific
heat of water, in conjunction with the greater water content in the upper part of the soil during
the second half of the growing season (Figure 3), provided regulatory mechanisms that kept the
soil temperature lower than the atmospheric air temperature (Brady and Weil, 2008).
Between 55 and 59 DAP in 2018, the thermocouples at the mid-slope position in both
tillage treatments malfunctioned. The malfunction was likely due to a lightning strike that hit the
field at 55 DAP. Soil temperatures at the down-slope position were also similar between tillage
treatments and varied similarly as in the up- and mid-slope positions; however, the daily
fluctuations appeared to vary less at the down-slope position, especially after 66 DAP, compared
to the daily fluctuations at the up- and mid-slope positions (Figure 3). The presence of ponded
water on the soil surface at the down-slope position likely facilitated a more constant temperature
in the upper part of the soil profile (Figure 3).
Similar to 2018, soil temperatures measured throughout the growing season in 2019
showed uniform conditions across tillage treatments and site positions (Figure 4). Soil
temperatures ranged from 19°C at 45 DAP to 37°C at 33 DAP in 2019 (Figure 4). The average
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soil temperature for the up-, mid-, and down-slope positions in both tillage treatments was 27°C
in 2019. The large decrease in temperature from 70 to 75 DAP, observable in all site positiontillage combinations, most likely was related to a series of rainfall events that occurred during
that time period, which delivered a total of 14 cm (5.5 in) of rain. The rainfall events, in
conjunction with prolonged cloudy sky conditions, likely reduced the amount of solar radiation
reaching the soil surface to contribute to the soil temperature reduction (Knutti et al., 2000). The
daily soil temperature fluctuations in the second part of the 2019 growing season, specifically
from 75 to 131 DAP, were slightly less in all the site position-tillage combinations compared to
the daily fluctuations in the first part of the growing season (Figure 4). Similar to 2018, increased
canopy coverage likely played a major role in moderating the daily fluctuations of temperature in
the second half of the growing season (Mandal et al., 2004). Compared to 2018 (Figure 3),
generally more constant soil temperatures occurred throughout the 2019 growing season at all
site position-tillage combinations (Figure 4).

Soil Redox Potential
Soil redox potential measurements have shown to be useful to better understand the
hydrologic control on biogeochemical processes in the soil, offering a quantitative assessment of
the intensity of coupled oxidation-reduction reactions operating simultaneously in a dynamic
system like the pedosphere (Wang et al., 2018). The soil redox potentials measured at the downslope position in 2018 and 2019 showed that a somewhat different set of environmental
conditions occurred at the down- compared to the up- and mid-slope positions throughout the
two growing seasons (Figure 5, 6). The differential conditions were due to the ponded water that
often occurred at the down-slope position as the furrow-irrigation water accumulated before
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being recirculated to and re-applied at the top of the field.
In the 2018 and 2019 growing seasons, both tillage treatments had soil Eh values at the
down-slope position between 150 and 230 mV at the beginning of the measurement period
(Figure 5), indicating that aerobic conditions were prevalent when Eh measurements started
(Wang et al., 2018). Studies on correlations between levels of oxygen (O2) and soil redox
potentials showed that aerobic soils have redox potentials greater than 200 mV, while soils with
redox potentials between 200 and -150 mV had O2-deficient conditions, and soils with redox
potentials below -150 mV were described as anaerobic (Wang et al., 2018; Rubol et al., 2012;
Masscheleyn et al., 1993). The general trend at the down-slope position in both growing seasons
was similar, with redox potentials that decreased as more ponded water accumulated and
persisted (Figure 5). However, redox potential fluctuations during the growing seasons depicted
distinctive environmental conditions. (Figure 5).
In 2018, soil under NT reduced at a faster rate than under CT (Figure 5; Rector et al.,
2018). From 15 to 32 DAP, soil redox potentials under NT in the down-slope position decreased
from 245 to 40 mV, while redox potentials under CT decreased from 200 to 175 mV (Figure
5A). The greater concentration of easily decomposable organic compounds under NT section,
due to the presence of surface residues, likely contributed to faster consumption of oxygen
during the respiratory phase of microbial decomposition (Clay et al., 1992). Anaerobic
conditions were achieved by 50 DAP in both tillage treatments and maintained until 55 DAP and
were achieved again at 61 DAP and maintained until 121 DAP (Figure 5). The aerobic
conditions from 55 to 60 DAP were most likely a result of the discontinuous presence of ponded
water during the first half of the growing season, allowing diffusion of atmospheric O2 into the
soil and the subsequent rapid increase in the soil redox potential (Figure 5). The steep decline in
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redox potential measured in both tillage treatments from 32 to 37 DAP was related to the
combination of irrigation application and rainfall to accomplish the management practice
referred to as flushing. After flushing, the soil was left to dry to favor percolation and to move
the recently applied urea-N fertilizer into the subsoil, close to the root zone (Figure 5; Ando et
al., 1983).
Similar to early in the growing season, the rapid decline of redox potentials under NT in
the down-slope position at 38 DAP was most likely related to the largest single irrigation
application (5.1 cm ha-1 of water) that started at 34 DAP and reached the down-slope position a
few days later (Figure 5). The delayed decline in redox potentials under CT during the same time
period was likely due to the micro-topographic differences between tillage strips. Field
observations revealed that, while water was accumulating at the down-slope position, soil under
NT wet up faster than under CT (Figure 5). Initially, following the irrigation cycles, from 31 to
67 DAP, continuously ponded water was observed under NT, but not under CT.
From 42 DAP to the end of the 2018 growing season, soil redox potential trends were
similar under both tillage treatments, where redox potentials under CT appeared to vary more
than under NT due to the micro-topographic differences in the tillage strips along the length of
the furrow-irrigated field (Figure 5). Anaerobic conditions achieved at 62 DAP, and maintained
up to 121 DAP, were reversed when the ponded water was released from the down-slope end of
the field to dry the soil in preparation for harvest (Figure 5).
In 2019, the down-slope position had redox potentials that ranged from 170 mV to -450
mV and from 170 mV to -280 mV under NT and CT, respectively (Figure 5). From 21 to 50
DAP, soil redox potential trends were similar under both tillage treatments, where soil Eh
slightly decreased from 170 to 90 mV, creating O2-deficient soil conditions (Figure 5). While
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redox potentials decreased from 50 to 79 DAP under CT, when anaerobic conditions were
achieved, soil redox potentials under NT varied more, likely due to micro-topographic
differences that affected the presence and maintenance of ponded water at the down-slope
position (Figure 5).
Similarly to the 2018 growing season, ponded water accumulated faster under NT than
under CT in 2019 (Figure 5). Ponded water was visually observed under NT in the down-slope
position during the first half of the 2019 growing season, but not under CT. Anaerobic conditions
were achieved earlier under NT (~ 70 DAP) than under CT, which were not achieved until 78
DAP. Anaerobic conditions were maintained in both tillage treatments until 123 DAP, but
greater soil reduction occurred under NT than under CT (Figure 5). Soil redox potentials under
NT in the down-slope position remained below -400 mV from 71 to 121 DAP, while soil redox
potentials under CT during the same time period never reached below -270 mV (Figure 5). From
121 DAP to the end of the 2019 growing season, both tillage treatments experienced a similar
increasing trend in soil redox potentials in the down-slope position due to the release of the
ponded water and the soil drying that occurred before harvest (Figure 5).
Results from redox potential measurements in the up- and mid-slope positions in 2019
(Figure 6) highlighted the environmental factor variability associated with furrow-irrigated rice
production that, in turn, can substantially influence GHG emissions. Soil redox potentials under
NT in the up-slope position remained relatively uniform from 21 to 97 DAP, ranging from 105 to
-19 mV (Figure 6). During the same time period in 2019, soil redox potentials under CT
fluctuated more than under NT, ranging from 400 to -200 mV (Figure 6). Anaerobic conditions
were achieved in the up-slope position by 92 and 102 DAP under CT and NT, respectively, and
were maintained until 122 DAP (Figure 6). The delayed redox potential decline under NT in the
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up-slope position (Figure 6) was most likely related to the non-uniform movement of the
irrigation-water wetting front. The soil water content under CT in the up-slope position was
greater than under NT for most of the 2019 growing season (Figure 6). As observed in the downslope position, the drying process at the end of the growing season in preparation for harvest
resulted in a rapid increase in redox potentials from approximately -455 mV at 121 DAP to
approximately 130 mV at 131 DAP in both tillage treatment (Figure 6).
As measured in the up-slope position, soil redox potentials in the mid-slope position were
relatively constant under NT throughout the 2019 growing season, ranging from 92 mV at 27
DAP to 11 mV at 41 DAP (Figure 6). For the entire duration of measurements in 2019, soil
redox potentials under NT in the mid-slope position resulted in O2-deficient conditions without
ever achieving actual anaerobic levels. The greater soil bulk density under NT (1.18 g cm-3) than
under CT (1.12 g cm-3) resulted in lower porosity and likely lower O2 diffusion, reducing the
potentiality of the mid-slope to reduce under the NT treatment (Figure 6). Soil redox potentials
under CT in the mid-slope position fluctuated more, from 280 mV at 38 and 92 DAP to -60 mV
at 122 DAP, than under NT in the mid-slope position (Figure 6). Aerobic conditions were
present under CT until 42 DAP, while O2-deficient conditions characterized the nearly all of the
remaining growing season (Figure 6).
Considering all soil redox potential, soil temperature, and VWC measurements over the
2-year study, optimum ranges and time periods for N2O, CH4, and CO2 production could be
determined. Nitrification proceeds at an optimal rate at 70% water-filled soil pore space, the soil
temperature is between 20 and 30oC, and the soil pH is close to neutral (i.e., pH 7; Lai and
Denton, 2017). Methanogenesis and methanotrophy are processes strongly affected by soil
physical and chemical properties, where soil redox potential is the most critical factor for CH4
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production. In order to initiate methanogenesis, soil Eh must remain in the range of -100 and 200 mV or lower for at least a period of 14 days (Oo et al., 2015). The ideal soil water content
for aerobic decomposition and soil respiration (i.e., CO2 production) to occur at the largest, most
optimum rate is also around 60% water-filled pore space, which is near field moisture capacity
(Eswaran et al., 2000).
Optimum conditions for N2O, CO2, and CH4 production across the 2018 and 2019
growing seasons were determined using 60% water-filled pore space, soil temperature between
20 and 30oC, and soil Eh less than -110 mV as criteria for N2O, CO2, and CH4, respectively. In
2018, optimal conditions for N2O and CO2 production were met from 15 to 19 DAP in the
CT/up-slope combination, at 22, 43, 44, 51, and 63 DAP in the CT/mid-slope combination, at 29
DAP in the NT/mid-slope combination, and from 49 to 54 and from 62 to 122 DAP in the
CT/down-slope combination. No optimal conditions occurred in the NT/up- and NT/down-slope
combinations. Optimal conditions for CH4 production were met from 62 to 122 DAP and from
50 to 122 DAP in the CT/down- and NT/down-slope combination, respectively, in 2018.
In 2019, optimal conditions for N2O and CO2 production were met from 25 to 27 and
again at 40, 45, 46, 59 and 125 DAP in the CT/up-, at 65 and 79 DAP in the NT/up-, at 22, 44,
46, and 64 DAP in the CT/mid-, and at 57 and 74 DAP in the NT/mid-slope combination. No
optimal conditions existed at the down-slope position in both tillage treatments for N2O and CO2
production in 2019. Optimal conditions for CH4 production were met from 87 to 124 DAP and
from 109 to 122 DAP in the CT/up- and NT/up-slope combinations, respectively. Optimal
conditions for CH4 production were also met from 73 to 124 DAP and from 52 to 123 DAP in
the CT/down- and NT/down-slope combinations, respectively, in 2019.
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Ranges in Greenhouse Gas Fluxes
Methane, N2O, and CO2 fluxes during the 2018 and 2019 growing seasons behaved
differently, yet had similar timings for peak fluxes for each respective gas during the two years.
In 2018 and 2019, CH4 fluxes were relatively low during the first half of the season (< 2 mg CH4
m-2 hr-1), while larger fluxes (> 2 mg CH4 m-2 hr-1) occurred toward the end of the growing
season (Figure 7). In 2018, CH4 flux minima from NT ranged from 0.0001 mg CH4 m-2 hr-1 at 20
DAP in the up- to 0.03 mg CH4 m-2 hr-1 at 61 DAP in the down-slope position, while CH4 flux
maxima from NT ranged from 1.4 mg CH4 m-2 hr-1 at 122 DAP in the mid- to 10.0 mg CH4 m-2
hr-1 at 122 DAP in the down-slope position (Table 8; Figure 7A). Methane flux minima in 2018
from CT ranged from 0.001 mg CH4 m-2 hr-1 at 27 DAP in the mid- to 0.003 mg CH4 m-2 hr-1 at
27 DAP in the down-slope position, while CH4 flux maxima from CT ranged from 1.4 mg CH4
m-2 hr-1 at 115 DAP in the mid- to 6.5 mg CH4 m-2 hr-1 at 122 DAP in the down-slope position
(Table 8; Figure 7A). The timing of CH4 flux maxima under CT and NT in 2018 showed a
relatively constant delay of one week from up-, to mid-, to down-slope, most likely related to the
movement of water throughout the study area and the subsequent decrease of the soil redox
potential.
In contrast to 2018, the same temporal variability of CH4 fluxes was not observed during
the 2019 growing season (Table 8), which was most likely due to the differential irrigation
application and rainfall pattern that controlled the soil’s reducing capacity and caused reduction
to proceed at different rates (Figure 1 and 2). In 2019, CH4 flux minima from NT ranged from
0.0001 mg CH4 m-2 hr-1 at 70 DAP in the mid- to 0.007 mg CH4 m-2 hr-1 at 35 DAP in the downslope position, while CH4 flux maxima from NT ranged from 7.7 mg CH4 m-2 hr-1 at 105 DAP in
the up- to 22.1 mg CH4 m-2 hr-1 at 118 DAP in the down-slope position (Table 8; Figure 7B).
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Methane flux minima in 2019 from CT ranged from 0.0008 mg CH4 m-2 hr-1 at 63 DAP in the up
to 0.002 mg CH4 m-2 hr-1 at 21 DAP in the down-slope position, while CH4 flux maxima from CT
ranged from 1.7 mg CH4 m-2 hr-1 at 84 DAP in the up- to 13.8 mg CH4 m-2 hr-1 at 118 DAP in the
down-slope position (Table 8; Figure 7B). The differences in timing of flux minima between
tillage treatments was most likely related to the different capacity of the CT and NT portions of
the study area to retain water and cause soil reduction (Clay et al., 1992).
In both years, the down-slope position had CH4 fluxes two to three times numerically
greater than fluxes recorded at the up- and mid-slope positions (Table 8). Methane fluxes were
maximum at the end of the season even after the drying process began to prepare for harvest.
Previous studies also measured a post-flood-release increase in CH4 fluxed from rice production
on a silt-loam soil (Brye et al., 2013; Rogers et al., 2013, Humphreys, 2018). A study in flooded
conditions on a silt-loam soil treated with CT and NT practices reported peak CH4 fluxes during
the growing season that were greater than the peak CH4 fluxes measured in both growing seasons
of this study, with fluxes ranging from 22.5 mg CH4 m-2 hr-1 under CT to 43.5 mg CH4 m-2 hr-1
under NT conditions (Humphreys, 2018).
Throughout the two growing seasons, N2O fluxes displayed generally opposite trends as
CH4. Nitrous oxide flux minima generally occurred during the second half, while N2O flux
maxima generally occurred during the first half of the growing season (Table 8; Figure 8). In
2018, N2O flux minima from NT ranged from 0.002 mg N2O m-2 hr-1 at 20 DAP in the down- to
0.004 mg N2O m-2 hr-1 at 96 DAP in the mid-slope position, while N2O flux maxima from NT
ranged from 6.0 mg N2O m-2 hr-1 at 33 DAP in the up- to 12.7 mg N2O m-2 hr-1 at 33 DAP in the
down-slope position (Table 8; Figure 8A). Nitrous oxide flux minima in 2018 from CT ranged
from 0.003 mg N2O m-2 hr-1 at 96 DAP in the down- to 0.02 mg N2O m-2 hr-1 at 108 DAP in the
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mid-slope position, while N2O flux maxima from CT ranged from 5.8 mg N2O m-2 hr-1 at 33
DAP in the mid- to 12.3 mg N2O m-2 hr-1 at 33 DAP in the down-slope position (Table 8; Figure
8A). Maximum N2O fluxes in 2018 were recorded at 33 DAP across all treatment combinations,
which was exactly 6 days after the application of urea across the field, confirming results from a
recent study conducted at the RREC on a similar silt-loam soil that reported maximum N2O
fluxes occurred within one week of the mid-season fertilizer-N application (Rector et al., 2018).
Greater temporal variability in N2O fluxes was observed in 2019 compared to 2018
(Table 8; Figure 8). In 2019, N2O flux minima from NT ranged from 0.0002 mg N2O m-2 hr-1 at
42 DAP in the down- to 0.002 mg N2O m-2 hr-1 at 91 DAP in the up-slope position, while N2O
flux maxima from NT ranged from 0.7 mg N2O m-2 hr-1 at 21 DAP in the mid- to 3.1 mg N2O m-2
hr-1 at 56 DAP in the up-slope position (Table 8; Figure 8B). Nitrous oxide flux minima in 2019
from CT ranged from 0.003 mg N2O m-2 hr-1 at 91 DAP in the down- to 0.01 mg N2O m-2 hr-1 at
28 DAP in the mid-slope position, while N2O flux maxima from CT ranged from 5.9 mg N2O m-2
hr-1 at 56 DAP in the down- to 13.2 mg N2O m-2 hr-1 at 56 DAP in the up-slope position (Table 8;
Figure 8B). Unlike in 2018, in 2019, there was no obvious correlation between the timing of the
fertilizer-N application (i.e., 34 DAP) and the timing of N2O flux maxima (Table 8; Figure 8B).
Numerically maximum N2O flux peaks measured in a previous study where rice was grown
under flooded-soil conditions on silt loam in Arkansas did not exceed 0.2 mg N2O m-2 hr-1 at all
during the growing seasons, where N2O flux peaks did not occur until 62 to 85 days after
flooding (Rector et al., 2018), clearly demonstrating how the furrow-irrigated systems can
enhance the production and release of N2O.
Similar to CH4, CO2 flux minima almost exclusively occurred during the first four weeks
of the rice growing season (Table 8; Figure 9) when the aboveground biomass, and therefore the
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respiration process, was lower and limited by the reduced extension of the roots and by the
relatively dry conditions (Figure 1). However, CO2 flux maxima occurred towards the end of the
growing season (Table 8; Figure 9) when aboveground biomass was maximal and root and
microbial respiration were also likely maximal. In 2018, CO2 flux minima from NT ranged from
20.45 mg CO2 m-2 hr-1 at 20 DAP in the mid- to 64.24 mg CO2 m-2 hr-1 at 27 DAP in the downslope position, while CO2 flux maxima from NT ranged from 1101 mg CO2 m-2 hr-1 at 89 DAP in
the up- to 3812 mg CO2 m-2 hr-1 at 61 DAP in the down-slope position (Table 8; Figure 9A).
Carbon dioxide flux minima in 2018 from CT ranged from 6.53 mg CO2 m-2 hr-1 at 20 DAP in
the mid- to 80.93 mg CO2 m-2 hr-1 at 122 DAP in the down-slope position, while CO2 flux
maxima from CT ranged from 1668 mg CO2 m-2 hr-1 at 101 DAP in the up- to 5354 mg CO2 m-2
hr-1 at 61 DAP in the down-slope position (Table 8; Figure 9A). Carbon dioxide flux maxima in
2018 occurred towards the end of the growing season (Table 8; Figure 9A), except in the downslope position in both tillage treatments where CO2 flux maxima occurred at 61 DAP most likely
due to the reduced state that the soil reached around 45 DAP (Figure 5). These results confirm
reports from other recent studies suggesting a continuous two-week period of soil reduction is
necessary to essentially turn on and enhance CH4 production and release (Rector et al., 2018;
Humphreys, 2018).
In contrast to 2018, CO2 flux minima in 2019 were two to three times greater than those
in 2018, likely due to the more prolific nature of the ‘Gemini214’ compared to ‘CL7311’ cultivar
that was grown (ARPT, 2017), especially during the early stages of vegetative growth (Table 8).
In addition, more homogenous CO2 flux maxima were generally measured during the 2019
compared to the 2018 growing season (Table 8). In 2019, CO2 flux minima from NT ranged from
132.7 mg CO2 m-2 hr-1 at 28 DAP in the up- to 232.9 mg CO2 m-2 hr-1 at 28 DAP in the down-
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slope position, while CO2 flux maxima from NT ranged from 1509 mg CO2 m-2 hr-1 at 91 DAP in
the up- to 1864 mg CO2 m-2 hr-1 at 112 DAP in the down-slope position (Table 8; Figure 9B).
Carbon oxide flux minima in 2019 from CT ranged from 93.5 mg CO2 m-2 hr-1 at 21 DAP in the
up- to 213.8 mg CO2 m-2 hr-1 at 28 DAP in the down-slope position, while CO2 flux maxima from
CT ranged from 1177 mg CO2 m-2 hr-1 at 112 DAP in the mid- to 2396 mg CO2 m-2 hr-1 at 70
DAP in the down-slope position (Table 8; Figure 9B).
Tillage practices can increase the availability of soil organic carbon (SOC) that can be
oxidized by increasing the surface area for microbial action, thus resulting in temporarily
enhanced CO2 production (Dossou-Yovo et al., 2016). Furthermore, the greater soil water
content variation likely resulted in greater microbial activity and CO2 production and release
(Stevenson and Cole, 1999) at the down-slope compared to the up- and mid-slope positions. In a
2-year study in southwest Michigan on coarse-loamy soils, CO2 fluxes and emissions were
evaluated in relation to crop rotation, site position, and cover crop (Negassa et al., 2015). The
summit, backslope, and a depression were the three site positions evaluated. Results showed that,
among all plots, CO2 fluxes from the depression were greater than from the summit or backslope
positions (Negassa et al., 2015).

Ranges in Greenhouse Gas Emissions
The calculated, season-long emissions for CH4-C, N2O-N, and CO2-C and the resulting
GWP, reported in CO2 equivalents, varied widely among individual measurements and within
site position-tillage treatment combinations, highlighting the relevance of environmental factors
and soil physical and chemical properties as potential controls on the greenhouse gas emissions.
In both growing seasons, season-long emissions CH4-C varied similarly among tillage treatments
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and site positions (Table 9). In 2018, CH4-C emissions minima under NT ranged from 2.9 kg ha-1
season-1 in the mid- to 47.1 kg ha-1 season-1 in the down-slope position, while CH4-C emissions
maxima under NT ranged from 9.3 kg ha-1 season-1 in the mid- to 84.7 kg ha-1 season-1 in the
down-slope position (Table 9). Methane-C emissions minima in 2018 under CT ranged from 2.4
kg ha-1 season-1 in the mid- to 28.6 kg ha-1 season-1 in the down-slope position, while CH4-C
emission maxima under CT ranged from 8.9 kg ha-1 season-1 in the mid- to 52.3 kg ha-1 season-1
in the down-slope position (Table 9). In 2019, CH4-C emissions minima under NT ranged from
2.6 kg ha-1 season-1 in the mid- to 58.7 kg ha-1 season-1 in the down-slope position, while
emissions maxima under NT ranged from 16.9 kg ha-1 season-1in the up- to 192.3 kg ha-1 season-1
in the down-slope position (Table 9). Methane-C emissions minima under CT in 2019 ranged
from 4.9 kg ha-1 season-1 in the mid- to 14.3 kg ha-1 season-1 in the down-slope position, while
emissions maxima under CT ranged from 13.1 kg ha-1 season-1 in the mid- to 84 kg ha-1 season-1
in the down-slope position (Table 9).
Methane-C emissions in the 2019 growing season were generally numerically greater
than in 2018 in almost all the site position-tillage treatment combinations (Table 9). Across site
positions, CH4-C emissions from NT were 33 and 59% numerically greater than emissions from
CT during the 2018 and 2019 growing seasons, respectively (Table 9). In a recent field
experiment evaluating CH4 emissions from a full-season flood under CT and NT, Humphreys
(2018) reported that tillage treatment (CT and NT) did not significantly affect season-long CH4C emissions. However, previous studies showed that SOM essential plant nutrients increased
under NT compered to CT in rice fields, such that NT could supply a greater amount of C
substrate to methanogens than CT, which likely had a significant effect on CH4 emissions (Liu et
al., 2006; Ahmad et al., 2009).
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Across tillage treatments, in 2018, season-long CH4-C emissions were seven and 10 times
numerically greater in the down-slope than in the up- and mid-slope positions, respectively,
while, in 2019, season-long CH4-C emissions were 6.5 and eight times numerically greater in the
down-slope than the up- and mid-slope positions, respectively (Table 9). The soil redox potential
most likely contributed to the differences between site positions, enhancing CH4 production in
the down-slope and limiting production in the up- and mid-slope positions (Figure 6).
The difference in CH4 emissions between the two growing seasons was likely at least
partially due to numerically greater TC and SOM in 2019, particularly at the down-slope
position, than in 2018 (Table 1). Large SOM concentrations and/or incorporation of crop
residues often result in large CH4-C emissions due to readily decomposable C-containing root
exudates and crop residue (Gogoi et al., 2005; Bossio et al., 1999). In a multi-year study
evaluating the effects of water management, rice cultivar, and SOM concentration, rice grown in
soil with the largest SOM content produced the second largest CH4 emissions (1166 kg CH4-C
ha-1 season-1; Humphreys et al., 2019). In the same study, CH4 emissions increased linearly (P <
0.05) with increasing SOM and TC contents (Humphreys et al., 2019).
Variations in N2O-N emissions during the two growing seasons were similar to that for
CH4, but were not identical. In 2018, season-long N2O-N emissions minima from NT ranged
from 2.7 kg ha-1 season-1 in the up- to 3.9 kg ha-1 season-1 in the down-slope position, while N2ON emissions maxima from NT ranged from 4.1 kg ha-1 season-1 in the up- to 9.7 kg ha-1 season-1
in the down-slope position (Table 9). Nitrous oxide-N emissions minima from CT ranged from
3.3 kg ha-1 season-1 in the up- to 8.1 kg ha-1 season-1 in the down-slope position, while N2O-N
emissions maxima from CT ranged from 6.2 kg ha-1 season-1 in the mid- to 18 kg ha-1 season-1 in
the down-slope position (Table 9). In 2019, season-long N2O-N emissions minima from NT
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ranged from 0.4 kg ha-1 season-1 in the mid- to 1.1 kg ha-1 season-1 in the down-slope position,
while N2O-N emissions maxima from NT ranged from 1.1 kg ha-1 season-1 in the mid- to 2.4 kg
ha-1 season-1 in the up-slope position (Table 9). Nitrous oxide-N emissions minima in 2019 from
CT ranged from 1.6 kg ha-1 season-1 in the up- to 3.6 kg ha-1 season-1 in the mid-slope position,
while N2O-N emissions maxima from CT ranged from 4.5 kg ha-1 season-1 in the down- to 9.4 kg
ha-1 season-1 in the up-slope position (Table 9).
Across tillage treatments and site positions, N2O-N emissions during the two growing
season showed opposite trends compared to CH4-C emissions, where N2O-N emissions from
2018 was numerically greater than from 2019 (Table 9). Across site positions, season-long N2ON emissions from CT were 1.6 and 3.5 times numerically greater than from NT in the 2018 and
2019 growing seasons, respectively (Table 9). Previous studies on N2O emissions from rice
paddies with different tillage practices (NT and CT) reported significantly greater N2O emissions
from NT than from CT (Venterea et al., 2005; Ahmad et al., 2009) or reported only numeric
differences (Liu et al., 2006). Ahmad et al. (2009) reported a 32% increase in season-long N2O
emissions from NT (7.4 kg N2O-N ha-1) compared to CT (5.6 kg N2O-N ha-1) from rice. In
contrast, other studies showed that the reduced soil surface disturbance under NT constituted an
effective way to reduce N2O emissions in both dry and humid climates (Liu et al., 2007).
However, the tillage effect lasted just few years, after which N2O emissions from NT did not
differ from that under CT (Liu et al., 2007; Del Grosso et al., 2000).
Across tillage treatments, season-long N2O-N emissions in 2018 was nearly 2 times
numerically greater in the down- than in the up- and mid-slope positions, while, in 2019, N2O-N
emissions were 1.4 and 1.5 times greater in the up- than in the mid- and down-slope positions,
respectively (Table 9). Greater oscillations of soil redox potential at the down-slope position in
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2018 (Figure 5) most likely represented alternating oxygen-limited and anaerobic conditions,
favoring nitrification following by denitrification and N2O release. The greater volumetric soil
water content (Figure 2) and the more negative soil redox potential (Figure 6) at the up-slope
position during the 2019 growing season was most likely responsible for the numerically greater
N2O-N emissions than in the mid- and the down-slope positions (Table 9). The greater
oscillations of soil water content and redox potential during the 2018 compared to the 2019
growing season most likely contributed to the numerically greater season-long N2O-N emissions
in 2018, which was opposite that observed for CH4 and demonstrated how N2O and CH4 were
produced in opposite environmental conditions (Figures 1, 2, 5, and 6).
Variations in season-long CO2-C emissions during the two growing seasons were also
similar to CH4 emissions (Table 9). In 2018, season long CO2-C emissions minima from NT
ranged from 2944 kg ha-1 season-1 in the up- to 4531 kg ha-1 season-1 in the down-slope position,
while CO2-C emissions maxima from NT ranged from 4316 kg ha-1 season-1 in the up- to 7652
kg ha-1 season-1 in the down-slope position (Table 9). Carbon dioxide-C emissions minima from
CT in 2018 ranged from 4421 kg ha-1 season-1 in the up- to 6532 kg ha-1 season-1 in the downslope position, while CO2-C emissions maxima from CT ranged from 5346 kg ha-1 season-1 in
the up- to 8365 kg ha-1 season-1 in the down-slope position (Table 9). In 2019, season-long CO2C emissions minima from NT ranged from 4060 kg ha-1 season-1 in the up- to 5456 kg ha-1
season-1 in the mid-slope position, while CO2-C emissions maxima from NT ranged from 5338
kg ha-1 season-1 in the up-, to 6338 kg ha-1 season-1 in the down-slope position (Table 9).
Similarly, CO2-C emissions minima from CT in 2019 ranged from 4295 kg ha-1 season-1 in the
mid- to 5349 kg ha-1 season-1 in the down-slope position, while CO2-C emissions maxima from
CT ranged from 4879 kg ha-1 season-1 in the mid- to 8272 kg ha-1 season-1 in the down-slope
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position (Table 9).
In contrast to CH4-C and N2O-N, across site positions, season-long CO2-C emissions in
2018 and 2019 were nearly identical between the two tillage treatments (Table 9). However,
Dossou-Yovo et al. (2016) reported that NT management can reduce CO2 emissions from upland
rice cultivation due to a reduction of tillage effects that generally increase soil C losses for the
greater availability of SOC shortly after tillage and destruction of aggregates that physically
protect SOC from microbial activities.
Across tillage treatments, season-long CO2-C emissions in 2018 in the down-slope
position were 1.3 and 1.4 times numerically greater than in the up- and mid-slope respectively,
while CO2-C emissions in 2019 varied less than 10% among site positions (Table 9). Surface
topography is known to greatly affect soil characteristics related to CO2 and N2O emissions,
including soil temperature and moisture, the soil’s hydrologic cycle, and plant growth (Negassa
et al., 2015). Although the two hybrid rice cultivars grown in this study (i.e., CL7311 in 2018
and Gemni214 in 2019) were classified with slightly differing degrees of tillering and yield
potential (ARPT, 2017), CO2-C emissions were numerically similar between the two growing
seasons (Table 9).
Combining the season-long emissions of CH4, N2O, and CO2 allowed for an estimation of
GWP to be made, which represented an improvement over many previous GWP estimations that
only included CH4 and N2O (Table 9). Across site positions and tillage treatments, GWP
variations were similar to those for CO2 in both growing seasons, which was not surprising since
CO2 emissions were orders of magnitude larger than CH4 or N2O emissions (Table 9). Seasonlong GWP minima from NT in 2018 ranged from 14.1 Mg CO2 eq. ha-1 season-1 in the up- to
22.7 Mg CO2 eq. ha-1 season-1 in the down-slope position, while GWP maxima from NT ranged
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from 16.2 Mg CO2 eq. ha-1 season-1 in the up- to 36.9 Mg CO2 eq. ha-1 season-1 in the downslope position (Table 9). Season-long GWP minima from CT in 2018 ranged from 20.5 Mg CO2
eq. ha-1 in the mid- to 33.2 Mg CO2 eq. ha-1 in the down-slope position, while GWP maxima in
CT ranged from 24.4 Mg CO2 eq. ha-1 in the mid- to 47.5 Mg CO2 eq. ha-1 in the down-slope
position (Table 9).
The fractional contributions of CH4, N2O, and CO2 to GWP followed differences in
potency and emissions magnitudes. During the 2018 growing season, averaged across site
positions, CH4 emissions accounted for 1.4 and 2.8% of the GWP in CT and NT, respectively,
and, average across tillage treatments, accounted for 1.4, 0.8, and 5.6% of the GWP in the up-,
mid-, and down-slope positions, respectively. Nitrous oxide emissions in 2018 accounted for 24
and 21% of the GWP in CT and NT, respectively, and accounted for 24, 21, and 24% of the
GWP in the up-, mid-, and down-slope positions, respectively. However, CO2 emissions in 2018
accounted for 75% of the GWP in CT and NT and accounted for 76, 78, and 71% of the GWP in
the up-, mid, and down-slope positions respectively.
In 2019, season-long GWP minima from NT ranged from 16.3 Mg CO2 eq. ha-1 in the upto 22.2 Mg CO2 eq. ha-1 in the down-slope position, while GWP maxima from NT ranged from
22.0 Mg CO2 eq. ha-1 in the up- to 26.3 Mg CO2 eq. ha-1 in the down-slope position (Table 9).
Global warming potential minima from CT in 2019 ranged from 19.3 Mg CO2 eq. ha-1 in the
mid- to 23.0 Mg CO2 eq. ha-1 in the down-slope position, while GWP maxima from CT ranged
from 24.7 Mg CO2 eq. ha-1 in the mid- to 37.3 Mg CO2 eq. ha-1 in the down-slope position (Table
9). Averaged across site positions, GWP was nearly identical from both tillage treatments in
2018 and 2019 (Table 9). Averaged across tillage treatments, GWP at the down-slope position
was 1.7 and 1.6 times and 1.1 and 1.2 times numerically greater than at the up- and mid-slope
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position in 2018 and 2019, respectively (Table 9). During the 2019 growing season, average
across site positions, CH4 emissions accounted for 2 and 5% of the GWP in CT and NT,
respectively, and, averaged across tillage treatments, accounted for 1.6, 1.2, and 11% of the
GWP in the up-, mid-, and down-slope positions, respectively. Season-long N2O emissions in
2019 accounted for 12 and 9.6% of the GWP in CT and NT, respectively, and accounted for 14,
11, and 8.5% of the GWP in the up-, mid-, and down-slope positions, respectively. In 2019, CO2
emissions accounted for 86% of the GWP in CT and NT and accounted for 85, 88, and 81% of
the GWP in the up-, mid-, and down-slope positions, respectively. Averaged across the entire
study area, GWP in 2018 were 1.14 times numerically greater than that in 2019.
To the author’s knowledge, no study to date in the United States has reported
simultaneously measured results for CH4, N2O, and CO2 emissions from any rice system,
particularly from furrow-irrigated rice. Consequently, comparisons among study results are
difficult. In a study conducted in New Delhi, India in 1999, GWP, calculated as sum of seasonlong CH4, N2O, and CO2 emissions, from rice grown under continuous-flooding (CF) and
intermittent-flooding (IF) practices were compared (Pathak et al., 2005). Results showed that
GWP ranged from 131 to 272 Tg CO2 eq. ha-1 yr-1 from CF and ranged from 92 to 212 Tg CO2
eq. ha-1 yr-1 from IF (Pathak et al., 2005). Zhang et al. (2009) conducted a study conducted in the
Thai-Lake region in China from 1982 to 2000 on rice paddies and reported GWP averaged 26.9
Mg CO2 eq ha-1 season-1.

Ranges in Rice Plant Responses
The analysis of aboveground rice dry matter (DM) and yield at the end of the two
growing seasons once again highlighted the large field variability of the furrow-irrigated
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production system, where water-stressed and flooded conditions were both part of the same field
area. The reproductive stage represents a series of drought or water-stressed sensitive
development events with little flexibility or compensatory capacity from the plants that affect
yield and aboveground biomass (Boonjung and Fukai, 1996). Combined across site-positions and
tillage treatments, in 2018, annual DM minima from NT ranged from 4.6 Mg ha-1 in the mid- to
7.4 Mg ha-1 in the up-slope position, while DM maxima ranged from 8.3 Mg ha-1 season-1 in the
up- to 14.7 Mg ha-1 season-1 in the mid-slope position (Table 10). Annual DM minima in 2018
from CT ranged from 7.3 Mg ha-1 in the up- to 8.8 Mg ha-1 in the down-slope position, while DM
maxima oscillated from 12.2 Mg ha-1 in the mid- to 13.7 Mg ha-1 in the up-slope position (Table
10). Annual DM minima in 2019 from NT ranged from 5.3 Mg ha-1 in the up- to 14.4 Mg ha-1 in
the mid-slope position, while DM maxima ranged from 13.0 Mg ha-1 in the down- to 15.9 Mg ha1

in the up-slope position (Table 10). Annual DM minima in 2019 from CT ranged from 9.0 Mg

ha-1 in the down- to 11.0 Mg ha-1 in the up-slope position, while DM maxima ranged from 15.8
Mg ha-1 in the mid- to 21.0 Mg ha-1 in the up-slope position (Table 10).
Rice yield variations depicted similar trends as DM across years and site-position-tillage
treatment combinations (Table 10). Annual yield minima in 2018 from NT ranged from 1.1 Mg
ha-1 in the mid- to 4.3 Mg ha-1 in the down-slope position, while yield maxima ranged from 3.8
Mg ha-1 in the up- to 8.5 Mg ha-1 in the mid-slope position (Table 10). Annual yield minima from
CT in 2018 ranged from 1.5 Mg ha-1 in the up- to 3.2 Mg ha-1 in the down-slope position, while
yield maxima ranged from 5.6 Mg ha-1 in the down- to 6.7 Mg ha-1 in the up-slope position
(Table 10). In 2019, yield minima from NT ranged from 5.1 Mg ha-1 in the up- to 5.8 Mg ha-1 in
the mid-slope position, while yield maxima ranged from 7.9 Mg ha-1 in the down- to 9.5 Mg ha-1
in the mid-slope position (Table 10). Annual yield minima from CT in 2019 ranged from 4.2 Mg
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ha-1 in the down- to 7.6 Mg ha-1 in the up-slope position, while yield maxima ranged from 9.1
Mg ha-1 in the mid- to 9.8 Mg ha-1 in the up-slope position (Table 10).

Ranges in Rice Plant Tissue and Grain Nitrogen
Aboveground tissue- and grain-N concentrations at the end of the growing seasons
(Table 11) varied similarly to aboveground DM (Table 10). Annual tissue-N minima in 2018
from NT ranged from 6.7 g kg-1 in the mid- to 8.9 g kg-1 in the up-slope position, while tissue-N
maxima ranged from 9.6 g kg-1 in the mid- to 14.1 g kg-1 in the down-slope position (Table 11).
Annual tissue-N minima in 2018 from CT ranged from 7.4 g kg-1 in the up-, to 10.2 g kg-1 in the
mid-slope position, while tissue-N maxima ranged from 14.6 g kg-1 in the up- to 22.5 g kg-1 in
the mid-slope position (Table 11). Tissue-N minima in 2019 from NT ranged from 4.3 g kg-1 in
the down- to 12.4 g kg-1 in the up-slope position, while tissue-N maxima ranged from 6.8 g kg-1
in the down- to 14.8 g kg-1 in the up-slope position (Table 11). Tissue-N minima in 2019 from
CT ranged from 5.2 g kg-1 in the down- to 12.8 g kg-1 in the mid-slope position, while tissue-N
maxima ranged from 7.5 g kg-1 in the down- to 18.3 g kg-1 in the mid-slope position (Table 11).
Grain-N concentration during the 2018 and 2019 growing seasons varied similarly to tissue-N
concentrations (Table 11). Annual grain-N minima in 2018 from NT ranged from 9.8 g kg-1 in
the up- to 10.6 g kg-1 in the mid-slope position, while grain-N maxima ranged from 12.3 g kg-1 in
the down- to 13.2 g kg-1 in the up-slope position (Table 11). Grain-N minima in 2018 from CT
ranged from 10.7 g kg-1 in the up- to 14.7 g kg-1 in the mid-slope position, while grain-N maxima
ranged from 15.2 g kg-1 in the down- to 17.9 g kg-1 in the mid-slope position (Table 11). In 2019,
grain-N minima from NT ranged from 10.5 g kg-1 in the down- to 14.6 g kg-1 in the up-slope
position, while grain-N maxima ranged from 11.7 g kg-1 in the down- to 16.4 g kg-1 in the up-

94

slope position (Table 11). Grain-N minima in 2019 from CT ranged from 10.8 g kg-1 in the
down- to 15.7 g kg-1 in the up-slope position, while grain-N maxima ranged from 12.7 g kg-1 in
the down- to 17.3 g kg-1 in the up-slope position (Table 11).

Correlation Analyses
Correlation analyses were used to evaluate the simple, linear relationship between
measured gas fluxes (i.e., CH4, N2O, and CO2) and measured environmental factors (i.e.,
volumetric water content, redox potential, and soil temperature), and between gas emissions and
measured soil physical-chemical properties in the top 10 cm combined across all site positiontillage treatment combinations for both the 2018 and 2019 rice growing seasons. Significant
correlations (P < 0.05) were defined as weak or strong from a statistical prospective, but were
considered relevant for environmental analyses as explanation of covarying parameters. Fluxes
of all three gases were significantly correlated with environmental parameters.
Based on 230 paired observations, CH4 fluxes over the two growing seasons were
weakly, positively correlated with VWC (r = 0.18; P < 0.01; Table 12), meaning CH4 fluxes
increased as VWC increased. Similarly, based on 270 paired observations, CH4 fluxes were more
strongly, negatively correlated with soil redox potential (r = -0.59 P < 0.001; Table 12),
meaning CH4 fluxes increased as soil Eh decreased. Correlation results between CH4 fluxes and
VWC and soil Eh both confirmed what was originally hypothesized. In contrast to VWC and soil
Eh, CH4 fluxes were unrelated to soil temperature (Table 12).
The positive correlation between CH4 fluxes and VWC has been evaluated in previous
studies, although the majority of research focused on the relationship between CH4 production
and water-filled pore space (WFPS). In a study conducted in 1998 on tropical soils in the
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Amazon Basin near Paragominas, Brazil, CH4 fluxes were positively correlated (r = 0.54) to
WFPS (Verchot et al., 2000). In a comparative study on forest ecosystems in Germany from
1995 to 1997, CH4 fluxes were positively correlated (r = 0.53) to soil moisture content (Luo et
al., 2013). Although soil moisture content is strongly correlated with the metabolic activity of
methanogens, and therefore CH4 production, correlation analysis between CH4 and VWC is
highly impacted by the spatial scale of the analysis (Keiser et al., 2018). Microbial dynamics are
influenced by small-scale environmental conditions (i.e., microsites), large-scale hydrology, and
by ecosystem-scale climatic conditions, raising the difficulty in the evaluation of significant
correlations (Keiser et al., 2018).
The relationship between soil Eh and CH4 fluxes has been well-documented, and soil Eh
represents one of the most important factors in CH4 production (Malyan et al., 2016). Previous
studies suggested that CH4 measurable release from the soil started when Eh reached values
between -100 and -200 mV, regardless of management practices and crop production (Malyan et
al., 2016; Johnson-Beebout et al., 2009). Strictly related to anaerobic conditions, soil Eh is highly
affected by the soil concentration of Mn and Fe, whose presence delay the reduction of redox
potential for the terminal electron acceptor role that the elements play in reducing conditions
(Malyan et al., 2016). In a study conducted in southeastern China on paddy rice fields in 2011,
results also showed a negative correlation between CH4 and soil redox potential (r = -0.35; Wang
et al., 2017). Similarly, in a greenhouse study on integrated rice-fish production conducted in
2003 at in Germany, CH4 fluxes were negatively correlated (r = -0.27) with soil Eh (Frei and
Becker, 2005).
Similar to previous studies, CH4 fluxes and soil temperature were unrelated, likely due to
the soil temperature oscillations across the two growing seasons in all the site positions resided
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in the optimal range for microbial activity for almost the entire period of the study (Figure 3 and
4; Wang et al., 2017). Additionally, the relatively large VWCs at the up- and mid-slope positions
and the flooded conditions at the down-slope position most likely attenuated soil temperature
fluctuations, keeping the thermal oscillations in narrower ranges (Figure 1 and 2; Keiser et al.,
2018). In contrast to the results of the current study, a study conducted in double-cropped rice in
the Hunan Province of China in 2007 reported a positive correlation between CH4 emissions
rates and soil temperature at 5-cm depth both at early and late rice growth stages, regardless of N
fertilizer treatment (Yang et al., 2010).
In contrast to CH4, N2O fluxes were weakly positively correlated with soil Eh (r = 0.13;
P < 0.05; n = 296; Table 12), meaning N2O fluxes increased as soil Eh increased. However, N2O
fluxes were unrelated to VWC or soil temperature (Table 12). Nitrous oxide can be produced by
nitrification at large redox potentials (≥ 400 mV) or by denitrification processes in O 2–
limited environments (≤ 200 mV), although the greatest N2O fluxes have been recorded from soils
with moderately limited reducing condition with oscillations of Eh between -100 and 100 mV (Smith
et al., 2003). In a study conducted in southeastern China on paddy rice fields in 2011, Wang et al.
(2017) also reported a positive correlation between N2O and soil Eh (r = 0.88). Under field
conditions, soil moisture and redox potential are considered covarying or interacting factors,
which complicates the ability to discriminate between specific controlling mechanisms for GHG
production and release (Wang et al., 2017).
Similar to the results of this study, few previous studies have reported a correlation
between N2O fluxes or emissions and soil moisture content. The large variability among
environmental conditions in a furrow-irrigated production system and the still unclear soilmicrobial mechanisms that lead to N2O production and release in aerobic conditions contribute
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to the challenge in the evaluating the true relationship between N2O fluxes and soil moisture
content (Petter et al., 2016). Theoretically, greater moisture contents can enhance the formation
of anoxic microsites, where, due to microbial respiration, anaerobic environments can form that
lead to the reduction of NO3- and subsequent N2O production (Petter et al., 2016). In contrast to
the results of this study, a correlation study between GHG emissions and environmental factors
conducted in 2013 in upland rice in the Cerrado biome in Brazil, N2O fluxes and emissions were
positively correlated (r = 0.77) with soil moisture content between 0 and 20-cm depth (Petter et
al., 2016).
Similar to CH4, CO2 fluxes were weakly, positively correlated with VWC (r = 0.29; P <
0.001; n = 382) and weakly, negatively correlated with soil Eh (r = -0.27, P < 0.001; n = 384;
Table 12). In contrast to CH4 and N2O, CO2 fluxes were weakly, positively correlated with soil
temperature (r = 0.09, P < 0.05; n = 573 Table 12), meaning CO2 fluxes increased as soil
temperature at the 7.5-cm depth increased.
Soil moisture and soil temperature are considered the most relevant environmental factors
affecting CO2 fluxes (Wei et al., 2014). The greater in-field VWC fluctuations than soil
temperature fluctuations (Figure 1, 2, 3, 4) during the 2018 and 2019 growing seasons at the upand mid-slope positions suggested that VWC played a greater role than soil temperature in the
CO2 production and release (Wei et al., 2014). Lower temperatures often result in lower
microbial biomass due to restraining aerobic respiration and CO2 release (Li et al., 2008).
Additionally, greater temperatures (> 20°C) decrease the solubility and soil retention of CO2,
which enhance emissions (Li et al., 2008). In a study conducted in 2011 on eroded landscape
positions in southwest Jilin Province, China, CO2 fluxes were correlated with VWC at the 10-cm
depth (0.47 ≤ r ≥ 0.60) in all site positions (i.e., summit, shoulder, and backslope), except for the
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toeslope, and were correlated with soil temperature at 10-cm depth (0.28 ≤ r ≥ 0.77) in all site
positions (Wei et al., 2014). Furthermore, in a study conducted on a saline-alkali rice and maize
field during the winter from 2014 to 2015 in western Jilin Province of northeast China, CO2
fluxes were positively correlated (0.34 ≤ r ≥ 0.93) with soil temperature at the 15-cm depth
(Zhang et al., 2017).
Although few studies have evaluated the relationship between CO2 flux and soil redox
potential, specifically in agricultural fields, more than 50% of the CH4 produced in the soil is
oxidized to CO2 at the soil-water-atmosphere interface (Maylan et al., 2016), which likely
explains the correlation between CO2 fluxes and soil Eh identified in the current study. In an
incubation study with soil samples collected from cultivated paddy rice fields in the Hubei
Province of China in 2012, CO2 fluxes were positively correlated with Fe+2 under anaerobic
conditions and results showed that the reduction of Fe+3 competed with CH4 oxidation and CO2
production (Peng et al., 2015), further substantiating the relationship between CO2 flux and soil
Eh.
Similar to fluxes, season-long GHG emissions were correlated with numerous soil and
plant properties. Based on 36 paired measurement, CH4-C emissions were weakly positively
correlated with soil EC (r = 0.41, P ≤ 0.05), P ( r= 0.41, P ≤ 0.05), K (r = 0.61, P ≤ 0.001), S (r =
0.56, P ≤ 0.001), and Fe (r = 0.49, P ≤ 0.01) concentrations and strongly positively correlated
with Zn (r = 0.78, P ≤ 0.001) concentration (Table 13). Methane-carbon emissions were weakly
negatively correlated with silt (r = -0.34, P ≤ 0.05), pH (r = -0.39, P ≤ 0.05), Ca (r = -0.43, P ≤
0.01), Mg (r = -0.37, P ≤ 0.05), Na (r = -0.33, P ≤ 0.05), and Mn (r = -0.45, P ≤ 0.01)
concentrations, plant N (r = -0.37, P ≤ 0.05), and grain N (r = -0.37, P ≤ 0.05) (Table 13).
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Contrary to that hypothesized, soil sand and clay, BD, and SOM and TC concentrations and
contents were unrelated to CH4-C emissions (Table 13).
Previous studies, however, have indicated soil texture as an interactive factor in the
production and consumption of CH4 (Oo et al., 2015; Brye et al., 2013). Coarse textures, such as
loamy soils, have been reported to release more CH4 than finer textures, such as clayey soils,
likely due to the greater abundance of macropores in loamy soils that entrap less CH4 for reoxidation (Neue, 1993; Rogers et al., 2014). Although not significant, the positive correlation
between CH4 emissions and BD indicated that as BD increased, or macro-porosity decreased, as
a result of soil compaction, CH4 emissions increased (Table 13). Reduced macro-porosity
enhances the possibility of formation of anaerobic sites in the soil that can facilitate CH4
production (USEPA, 2016a).
In a multi-year study evaluating the effects of water management, rice cultivar, and SOM
concentration in the same Dewitt soil loam as used in the current study, season-long CH4
emissions increased linearly (r = 0.90 P < 0.001) with increasing SOM and TC contents
(Humphreys et al., 2019). The minimal variations in texture, BD, SOM, and TC across the siteposition-tillage treatment combinations likely masked the correlation between these soil
properties and CH4 emissions. In a two-year study conducted in an extensively managed
agricultural field in the western part of the Netherlands in 2007 and 2008, CH4 emissions were
correlated to soil EC (r = 0.50 P < 0.001), especially in zones next to ditches (Schrier-Uijl et al.,
2010). Although no research has directly evaluated the relationship between soil EC and CH4
emissions, soil incubation studies showed that large soil EC negatively affected microbial
processes, specifically reducing heterotrophic respiration (i.e., CO2 production) to likely favor
CH4 production (Adviento-Borbe, 2006).
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Contrasting results in the relationship between soil P and CH4 emissions were likely
dependent on fertilizer-P source and on the initial soil P concentration before the beginning of
the growing season (Adhya et al., 1998). To date, the effect of soil P on methanogenic activity is
not well characterized; however, Adhya et al. (1998) studied the effect of fertilizer-P additions
on CH4 production in paddy soils in India and reported CH4 emissions were inhibited by the
addition of superphosphate, but were enhanced by the addition of potassium phosphate,
especially in P-deficient soils. Since P is not a redox-active element, P cannot serve as an
alternative electron acceptor, therefore, cannot directly affect CH4 production or consumption,
but P can increase root growth and acidification of the rhizosphere, which in turn can provide
greater amounts of C substrate to methanogens (Conrad and Klose, 2005).
The S concentration in fertilizer-P materials has been shown to be related to the inhibition
or enhancement of CH4 emissions (Adhya et al., 1998). The direct relationship between Scontaining compounds and methanogenic activity has been theorized in previous studies, where
nutritional requirements were evaluated for the diversified methanogenic community (Zhang and
Maekawa, 1996). Methanogenic bacteria utilize S-containing compounds during metabolic
processes when S is in a reduced form and at concentrations less than 5 mmol, at which point the
S becomes toxic for the bacteria (Zhang and Maekawa, 1996).
Similar to P, K fertilizers have been reported to increase or decrease CH4 emissions
(Conrad and Klose, 2005). Additions of fertilizer K or the presence of large soil-K
concentrations can enhance rice growth and the development of the aerenchyma tissue, which
favor CH4 transport and release, while simultaneously alleviating and reducing conditions to
maintain root-oxidizing power and reducing plant Fe2+ uptake (Babu et al., 2006). Recently, a
Fe-dependent respiratory growth pathway has been suggested for methanogenic bacteria,
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indicating that the metabolism of acetate is enhanced by the presence of Fe3+, increasing CH4
production (Prakash et al., 2019). Large ferrihydrate concentrations (> 20 mM) in the soil have
been correlated with two-fold CH4 production compared to Fe-deficient soils (Prakash et al.,
2019). Agricultural practices and continued irrigation applications can mobilize and release
heavy metals in the soil, like Zn, which can inhibit CH4 oxidation, reducing aerobic CH4
consumption that commonly occurs at the soil surface in rice cultivation (Mohanty et al., 2000).
The effect of soil pH on CH4 emissions has been shown to be related to soil redox
potential, which itself is significantly correlated with methanogenic processes (Yu and Patrick,
2003). The Nernst equation directly relates soil Eh and pH, with a change of 59 mV per unit
change in pH (Wahl, 2005). In rice fields, soil pH most commonly reaches values close to
neutral due to a series of oxidation-reduction reactions, largely related to Fe and Mn oxides and
hydroxides (Yu and Patrick, 2003). Although methanotrophic and methanogenic microbial
communities share optimum ranges of soil pH, methanotrophic bacteria have greater sensitivity
to acidic soil conditions, where a large soil Al3+ concentration, released from cation-exchange
sites, can interfere with metabolic processes of the methanotrophic community, reducing the
amount of CH4 re-oxidized and, therefore, enhancing CH4 emissions (Jeffrey et al., 2016).
Calcium is an agricultural soil amendment, often applied as gypsum or agricultural lime,
to improve soil physical properties, like aggregation, and to correct the pH of acidic soils,
therefore affecting the microbial community (Lindau et al., 1994). Calcium carbide has been
used in paddy rice fields as a nitrification and methanogenic inhibitor, where Ca in soil appears
to slow the release of acetylene, a process that inhibits CH4 production (Malla et al., 2005). In a
two-year study in India, nitrification inhibitors and calcium carbide were compared as mitigation
practices to reduce GWP in a rice-wheat production system (Malla et al., 2005). The field treated
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with calcium carbide recorded the lowest CH4 emissions compared to all other treatments (Malla
et al., 2005).
The correlation between soil Mg and CH4-C emissions was most likely related to greater
Mg availability in acidic soils. However, in a greenhouse study using paddy soils in China, CH4
emissions were negatively correlated with extractable soil Mg (r = -0.61, P < 0.01), suggesting a
Mg plays a role in methanogenic or methanotrophic processes (Huang et al., 2002). In contrast,
the role of Na in methanogenic processes is still unclear, but in a comparative study on saline and
non-saline wetland rice fields in the Philippines, large concentrations of NaCl (> 0.18 mM)
corresponded to reduced CH4 emissions (van der Gon, 1995).
Manganese contributes to the soil’s oxidizing capacity because Mn acts as an oxidant
during facultative anaerobic processes (Yuan and Ponnapempura, 1966). In a greenhouse study,
the addition of 0.4% MnO2 (by soil weight) to paddy soils retarded the decline in soil Eh, thus
reducing CH4 production and emissions (Yuan and Ponnapempura, 1966).
The correlations between plant-tissue- and grain-N concentrations and CH4 emissions
were most likely related to N uptake rate during the two growing seasons. Large fertilizer-N
inputs correspond to large plant-N uptake and can result in a large soil NH4+ concentration that
can act as substitute substrate for methanotrophic bacteria, thereby reducing CH4 oxidation and
enhancing CH4 emissions to the atmosphere (Bin-Feng et al., 2016).
In contrast to CH4, season-long N2O emissions were correlated with fewer soil and plant
properties. Based on 36 paired measurement, N2O emissions were weakly positive correlated
with silt (r = 0.39, P < 0.05), pH (r = 0.53, P < 0.001), and P (r = 0.36, P < 0.05) and Fe (r =
0.44, P < 0.01) concentrations, while weakly negatively correlated with sand (r = -0.43, P <
0.01), and calcium (r = -0.33, P < 0.05) and Mn (r = -0.54, P < 0.001) concentrations (Table 13).
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As hypothesized, soil texture plays an important role in N2O emissions, as evidenced by
the correlation with silt. However, the absence of a significant correlation between N2O
emissions and clay content was most likely due to the low clay variation among the site-positiontillage treatment combinations within the study site. Large N2O emissions have been recorded
mainly from coarse, compacted textures, with localized aerobic activity (Skiba and Ball, 2002).
Contrary to what was hypothesized, N2O emissions were unrelated to soil BD (Table 13).
However, in a study in Scotland on 13 different soils under the same N-fertilization regime (120
kg N ha-1 as NH4NO3) and crop type [winter barley (Hordeum volgare)], N2O emissions, which
ranged from 0 to 193 g N2O-N m-2 h-1, were directly related with BD (R2 = 0.5, P < 0.05) and
with clay content (R2 = 0.5, P < 0.05; Skiba and Ball, 2002). The largest N2O emissions were
recorded in the soils with the largest BD (Skiba and Ball, 2002).
Nitrification rate generally increases as soil pH increases to the optimum pH, which is
usually close to 7.6 (Cuhel et al., 2010). In a study conducted in the Czech Republic, in situ and
laboratory experiments evaluated the correlation between soil pH and N2O emissions in
grassland ecosystems (Cuhel et al., 2010). Significant correlations between the soil pH and N2O
emissions were identified in both in-situ (r = 0.54, P < 0.001) and laboratory experiments (r =
0.64, P < 0.001; Cuhel et al., 2010).
Contrary to that hypothesized, N2O emissions were unrelated to soil TN (Table 13).
However, the total N input to soil, and the N’s subsequent availability, are robust predictors of
N2O fluxes and emissions that have been used to construct most national GHG inventories using
the N2O-emissions-factor approach (IPCC, 2006).
Phosphorus additions in incubation studies were correlated with N2O emissions, but with
different pathways. Additions of P to soil can promote N fixation by the microbial community,
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therefore reducing N2O emissions, although in soils with large N contents, the addition of P can
promote the activity of nitrifiers and enhance N2O emissions (Nowark et al., 1996). Studies in
subtropical paddy soils in China showed a direct relationship between Fe2+ and Fe3+ and the
electrons donated for the denitrification process, suggesting that Fe2+ oxidation is coupled with
nitrate reduction (Han et al., 2018).
Similar to CH4, calcium carbide has been used as a field amendment to reduce
nitrification rates in paddy fields (Ali et al., 2012). In a study conducted in India on paddy rice
fields, N2O emissions were reduced by 47% in fields treated with calcium carbide compared to
unamended control fields (Ali et al., 2012). Manganese oxides also play an important role in N
cycling, although the inhibitory or stimulating effect on N processes is related to the soil
concentration of Mn oxide (Xin et al., 2017). In an incubation study conducted in China, soil
samples treated with Mn-containing compounds (i.e., birnessite) had lower nitrification rates,
reducing potential N2O emissions (Xin et al., 2017). Furthermore, Mn oxides have been shown to
have a toxic effect on the anaerobic microbial community (Xin et al., 2017).
Based on 36 paired measurements, CO2 emissions were weakly positively correlated with
soil Fe (r = 0.63, P < 0.001) and Zn (r = 0.33, P < 0.05) concentrations, plant biomass (r = 0.38,
P < 0.05), and grain-N concentration (r = 0.46, P < 0.01), while weakly negatively correlated
with soil pH (r = -0.41, P < 0.05) and Ca (r = -0.67, P < 0.001), Mg (r = -0.59, P < 0.001), Na (r
= -0.57, P < 0.001), and Mn (r = -0.38, P < 0.05) concentrations (Table 13).
Contrary to that hypothesized, CO2-C emissions were unrelated to texture, BD, SOM, or
TC (Table 13). However, soil textures, such as silt loam or loam, generally have greater CO2
production related to microbial respiration compared to sandy or clayey soil textures (Stevenson
and Cole, 1999). Finer textures generally have greater aeration and water-holding capacities that
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favor the decomposition of the organic substrates compared to coarser textures (Stevenson and
Cole, 1999). Clayey textures, however, have a sizeable portion of SOM protected by soil
aggregates from decomposition (Stevenson and Cole, 1999). Pore tortuosity in clayey soils also
reduces diffusion of O2 into and CO2 out of the soil, often resulting in lower CO2 emissions than
from silt-loam soils (Motschenbacher et al., 2015). Although not significant, the negative
correlation between CO2 and BD suggested that, as BD decreased or macro-porosity increased,
CO2 emissions increased (Table 13). Macro-porosity enhances the potential formation of aerobic
zones in the soil that lead to CO2 production and diffusion (USEPA, 2016).
Although also non-significant in the current study, the relationship between CO2-C
emissions and SOM and TC has been evaluated in different ecosystems (Paustian et al., 2000).
Decomposition of OM, hence CO2-C emissions, in agricultural systems has been described
through a linear relationship with C inputs (Paustian et al., 2000). The input of organic matter
from litter, roots, and exudates significantly affects soil respiration (Stevenson and Cole, 1999).
The presence of residues on the soil surface reduces evaporation and contributes to maintaining
greater soil moisture contents, which tend to enhance soil respiration and CO2 emissions
(Dossou-Yovo et al., 2016). The combination of anoxic and oxic environments in a furrowirrigation system likely facilitates Fe reduction and oxidation that can enhance microbial
respiration through organic matter oxidation for the presence of reactive oxygen species and
through increased dissolved organic C driven by acidification processes (Hall and Silver, 2013).
The concentration of organic acids in the rhizosphere has been directly related to root respiration
in paddy rice fields, although, to date, studies to separate root respiration from microbial activity
in rice fields have been limited to few research studies in flooded conditions in China (Xu et al.,
2008).
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Although a micronutrient, Zn represents a major constraint in rice production because of
the chemistry of submerged soils (Mori et al., 2016). Zinc becomes almost insoluble in
submerged soils unless organic acids and chelating agents bind to Zn, which favors plant uptake
of Zn (Mori et al., 2016). Zinc promotes root growth, root respiration, and therefore CO2
emissions (Mori et al., 2016).
The relative growth rate of rice plants and root activity relationships change among
growth stages, making establishing a direct correlation between plant biomass and grain N and
CO2 emissions through the process of respiration difficult (Samejima et al., 2004). However, in a
6-year field experiment in the Philippines on biomass productivity in new tropical rice lines, root
respiratory rate was positively related with the relative growth of the rice plant in two growing
seasons (R2 > 0.90, P < 0.01; Samejima et al., 2004).
Fungi usually have a greater respiration rate at low soil pH (~ pH 5), while lower H+
concentrations (pH > 6.5) enhance the activity of bacteria. The microbial community is
extremely diverse and every phylum has a different pH at which decomposition is maximized
(Brady and Weil, 2008). The rhizosphere exhibits the largest respiration rates around neutral soil
pH (Brady and Weil, 2008). In an incubation study using a Louisiana rice soil at four different
pHs, GHG emissions were evaluated and compared (Yu and Patrick, 2003). Carbon dioxide
emissions from the largest pH treatment (i.e., pH 8.6) recorded the lowest GHG emissions, likely
due to the greater solubility of CO2 under alkaline conditions (Yu and Patrick, 2003). Similar to
CH4 and N2O, CO2 emissions from rice fields treated with encapsulated calcium carbide
recorded lower emissions than untreated fields (Bronson and Mosier, 1991). In a study
conducted in Colorado in rice plots under flooded-soil conditions, CO2 emissions calcium-
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carbide-amended treatment were lower than the unamended control, likely due to the inhibition
of CH4 oxidation by the added Ca presence (Bronson and Mosier, 1991).
Similar to Zn, soil Mg is tied to soil moisture content, but becomes more soluble in
moist- or flooded-soil conditions, where the respiration rate is reduced compared to aerobic
conditions (Fageria et al., 2011). Being directly exposed to the soil, the plant’s root cap is
sensitive to salinity and Na+ ions (Ferdose et al., 2009). Studies on rice cultivars determined that
increasing the soil NaCl concentration (i.e., from 0.25 to 0.5 mM) negatively affected the relative
growth of roots and shoots, likely reducing the soil respiration rate (Ferdose et al., 2009).
Similar to CH4 emissions, soil Mn-oxides concentrations affect the soil’s reduction
capacity and the oxidative power of the rhizosphere (Bin-Feng et al., 2016). In a study conducted
in Portugal, hydroponically grown rice plants were treated with concentrated Mn solution (i.e.,
32 mg L-1). Results showed a significant decrease in root length, decreased root acidification
capacity, inhibited root hair growth, and a delayed maturity (Lidon, 2000), which likely
negatively affected root respiration and CO2 emissions.
Global warming potential integrates CH4, N2O, and CO2 emissions, but most field studies
do not simultaneously measure all three gases, making the current field study quite unique.
Global warming potential was weakly positively correlated with soil P (r = 0.42, P < 0.01), K (r
= 0.36, P < 0.05), and Zn (r = 0.41, P < 0.05) concentrations and strongly positively correlated
with soil Fe (r = 0.73, P < 0.001) concentration (Table 13). In contrast, GWP was weakly
negatively correlated with soil pH (r = -0.60, P < 0.001) and Mg (r = -0.48, P < 0.01), Na (r = 0.44, P < 0.01), and Mn (r = -0.54, P < 0.001) concentrations and strongly negatively correlated
with Ca (r = -0.68, P < 0.001) concentration (Table 13).
To the author’s knowledge, no short- or long-term studies have been conducted in the
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U.S. assessing the relationships between GWP, based on simultaneous measurements of CH4,
N2O, and CO2, and soil properties. Mitigating GWP in rice production systems have mainly
focused on fertilizer-nutrient sources and soil C amendments (Das and Adhya, 2014). Among all
properties taken into consideration, soil pH and Ca, Fe, and Mn concentrations were correlated
with all three GHGs and with GWP, suggesting that the H+ concentration and the soil redox
status can be used as effective tools to manage and potentially decrease collective GHG
emissions and GWP in rice production (Table 13). Except for the soil pH correlations with N2O,
all of the factors mentioned above (i.e., Ca, Fe, and Mn) had the same positive or negative
correlation with GHG emissions and GWP, implying that a common approach to mitigate GHG
emissions and GWP in their totality may be possible (Table 13).

Multiple Regression Analyses
Multiple regression analyses were performed to understand the main soil and plant
properties controlling GHG emissions in a furrow-irrigated rice production system on a silt-loam
soil. Including all parameters that were significantly correlated with season-long CH4-C
emissions, the resulting full model was significant (P < 0.001), where 78% (R2 = 0.78) of the
variation in season-long CH4-C emissions was explained by the set of predictor variables (i.e.,
silt, pH, EC, P, K, Ca, Mg, S, Na, Fe, Mn, Zn, and rice tissue and grain N concentrations; Table
14). The adjusted R2 and the root square mean error (RSME) for the final model were 0.63 and
24.2, respectively (Table 14). However, only extractable soil Ca and Na maintained significance
in the full multiple regression model (Table 14). The resulting non-significance of 12 of 14
original model parameters suggested a large degree of multi-collinearity, indicating that multiple
explanatory variables were related to one another and their inclusion did not substantially
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contribute to the overall predictive ability of the model (Farrar and Glauber, 1967). In addition,
inflation of variance, along with the multi-collinearity of the non-significant parameters in the
regression model, could have affected the relationship direction (i.e., positive or negative) of
various parameters (i.e., silt, Ca, Fe, Mn, and tissue N concentration) from the simple linear
correlation (Table 13) to the multiple regressions analysis (Table 14; Farrar and Glauber, 1967).
Similar to CH4-C, including all parameters that were significantly correlated with seasonlong N2O-N emissions, the resulting full model was significant (P < 0.01), where 48% (R2 =
0.48) of the variation in season-long N2O-N emissions was explained by the set of predictor
variables (i.e., sand, silt, pH, P, Ca, Fe, and Mn; Table 14). The adjusted R2 and RSME for the
final model were 0.34 and 3.2, respectively (Table 14). However, only extractable soil P
maintained significance in the full multiple regression model (Table 14), while six of the seven
original model parameters were non-significant, suggesting multi-collinearity.
The resulting full model for season-long CO2-C emissions was significant (P = 0.001),
where 69% (R2 = 0.69) of the variation in season-long CO2-C emissions was explained by the set
of predictor variables [i.e., pH, Ca, Mg, Na, Fe, Mn, Zn, aboveground-biomass, and grain N
content; Table 14]. The adjusted R2 and RSME for the final model were 0.59 and 816,
respectively (Table 14). However, only extractable soil Fe, and aboveground biomass maintained
significance in the full multiple regression model (Table 14), while seven of the nine original
model parameters were non-significant.
The resulting full model for GWP was significant (P < 0.01), where 59% (R2 = 0.59) of
the variation in season-long GWP was explained by the set of predictor variables (i.e., pH, P, K,
Ca, Mg, Na, Fe, Mn, and Zn; Table 14). The adjusted R2 and RSME for the final model were
0.44 and 5538, respectively (Table 14). In contrast to CH4, N2O, and CO2, no significantly
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correlated parameter maintained significance in the full multiple regression model (Table 14).
However, when soil Mn was removed from the full model, soil Fe became significant in the
model and maintained a large R2 value of 0.58.
In an attempt to obtain as simple, yet significant, of a predictive equation for each GHG
and GWP as possible, the full models for each GHG and GWP (Table 14) were systematically
reduced based on removing the parameter with the largest P value and objective judgment to
include at least one significant parameter, if possible, and as large of a R2 value as possible. The
resulting reduced models included soil Ca and Na for CH4-C (P = 0.033, R2 = 0.19), soil P for
N2O-N (P = 0.029, R2 = 0.13), soil Fe and aboveground DM for CO2-C (P = 0.001, R2 = 0.62),
and soil Fe for GWP (P < 0.001, R2 = 0.53; Table 15). Except for CH4-C, all predictor
parameters in the other three models maintained significance (Table 15). The adjusted R2 and
RSME were 0.14, 0.11, 0.60, and 0.51 and 37.3, 3.7, 807, and 5172 for the CH4-C, N2O-N, CO2C, and GWP reduced models, respectively (Table 15).
Similar to the negative coefficients for Ca and Na in the present multiple regression
analysis, Ca and Na have been negatively correlated to CH4 production and the effects have been
evaluated in several studies (Malla et al., 2005; van der Gon, 1995). Although Ca and Na are
active and selective catalysts of the CH4 oxidative process (Lin et al., 1988), Ca may be an
important surrogate for the effect of pH, in which pH was also negatively correlated with CH4
emissions (Table 14), despite not being significant in the full multiple regression model (Table
15). Though the exact mechanism is unclear, it is possible that CH4 emissions decrease as Na
increases is a result of a negative effect on the small-scale environment surrounding
methanogens.
Similar to CH4-C, other correlation analyses with N2O-N reported that soil P can have a
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positive or negative impact on N2O emissions by promoting N fixation and/or nitrifier activity
(Nowark et al., 1996). Phosphorus is also a major component of adenosine triphosphate (ATP),
as the cellular-level energy source for microbial functions responsible for denitrification.
Although P was shown to be a key factor in N2O emissions in a furrow-irrigated rice field, a
source of reducible N undoubtedly plays a role in the estimation of N2O emissions, despite soil
TN being unrelated to N2O emissions (Table 14). The absence of redox-active parameters (i.e.,
S, Fe, and Mn) in the CH4-C and N2O-N models suggests that further investigation is required to
improve the validity of the regression analyses and of the resulting predictive equations (Table
15). Factors that affect the soil redox potential (i.e., S, Fe, and Mn) most certainly play a
determinant role in CH4 and N2O production, despite the lack of direct evidence in the current
study.
Similar to CH4 and N2O, the absence of parameters like SOM and TC in the CO2-C
predictive model suggests the need for further investigation, although the significance of
aboveground biomass indirectly implies the importance of SOM and TC in the estimation of CO2
emission (Table 15). Decomposition of SOM, to result in CO2-C emissions, in agricultural
systems has been described through a linear relationship with C inputs (Paustian et al., 2000).
Furthermore, Fe plays an important role in the respiration process and in the redox capacity of
the soil (Hall and Silver, 2013). Iron solubility is strongly influenced and related to Eh and pH,
two key factors in the soil respiration processes (Husson, 2013). Consequently, the significance
of Fe in the reduced, predictive model for GWP, although not sufficient to explain the dynamic
and complex interactions of CH4, N2O, and CO2, could indicate an interesting pathway for
mitigation practices. Results suggest that environmental conditions, such as the combination of
anoxic and oxic environments in a furrow-irrigation system, likely facilitates Fe reduction and
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oxidation that can enhance microbial processes, affecting GWP (Hall and Silver, 2013).
Additionally, the reduced predictive GWP model underlines the relevance and importance of
water management in the global picture of GHG mitigation from rice production.
The rather low predictive ability of all four reduced models, particularly for CH4-C and
N2O-N, demonstrate that there are likely other soil and/or plant properties that were not
measured and evaluated in this study that play a role in controlling season-long GHG emissions
and GWP. Since methanogenesis, denitrification, and respiration are all processes that are
microbially meditated, it is likely that accounting for soil microbial properties may improve the
ability to predict season-long GHG emissions and/or GWP.

Implications
The U.S. inventory on greenhouse gases, prepared every year by the Environmental
Protection Agency (EPA), makes use of key categories to determine potential sources or sinks of
the main GHGs, focusing mainly on CO2, CH4, and N2O, in order to develop National Inventory
Reports (NIR) that assess current situations and future trends in the production and emissions of
GHGs specifically tied to anthropogenic activity (USEPA, 2020). The main classes where GHG
emissions from rice fields are summarized are CH4 from rice cultivation and direct N2O
emissions from soil management in the agricultural sector (USEPA, 2020). The key categories,
that are compiled following the 2006 Intergovernmental Panel on Climate Change (IPCC)
guidelines (USEPA, 2020) are annually implemented and improved to reduce the level of
uncertainty that can arise with GHG emissions estimations (USEPA, 2020). The data collected
by several federal agencies, such as the U.S. Department of Agriculture (USDA), U.S.
Geological Survey (USGS), National Oceanic and Atmospheric Administration (NOAA), U.S.
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Department of Interior (DOI), Bureau of Land Management (BLM), and the EPA, are then used
to estimate national current and future levels of GHGs (USEPA, 2020). Studies and research
supplement the federal agencies with field and laboratory data that are used to corroborate GHG
estimations and rice cultivation studies are not an exception (USEPA, 2020). Considering the
great environmental variability in rice production systems across the U.S. due to differences in
soils, rice varieties, water management and agricultural practices, estimations of GHG emissions
are particularly complicated. The most common approach is to utilize data, almost exclusively,
from rice fields under flooded conditions (USEPA, 2020). However, an approach that considers
the variability of among rice production systems could improve on the difficult task of estimating
GHG emissions from the agricultural sector, but this requires actual field data, which studies
such as the current study provides. Improved understanding of the correlations between GHG
fluxes and environmental factors and between GHG emissions and soil physical and chemical
properties, such as generated in the current study, constitutes a first step towards the goal of
obtaining reliable models to more accurately estimate and predict GHG emissions from
agricultural fields in general and specifically from rice production systems. Additionally,
regression models could be used to evaluate possible mitigation practices in rice cultivation,
helping to determine the best management practices to improve the sustainability of rice
production and the agricultural sector in the U.S.

Conclusions
Previous research determined the potential environmental impacts, particularly GHG
emissions, of rice production systems under different management practice and site
characteristics. However, GHG emissions from furrow-irrigated rice production have not been
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studied to date, particularly with regards to the relationships among soil physical and chemical
properties, environmental factors, and GHG fluxes and emissions. Consequently, this study
aimed to investigate the relationships among soil properties, environmental factors, and CH4,
N2O, and CO2 fluxes and season-long emissions and GWP across two growing seasons (2018
and 2019) in a furrow-irrigated rice production system a silt-loam soil in eastern Arkansas.
Methane, N2O, and CO2 fluxes during the 2018 and 2019 growing seasons behaved
differently, yet had similar timings for peak fluxes for each respective gas during the two years.
Fluxes of all three GHGs were significantly correlated with environmental parameters. As
hypothesized, CH4 fluxes over the two growing seasons were positively correlated with VWC
and negatively correlated with soil redox potential, but were unrelated to soil temperature. In
contrast to that hypothesized, N2O fluxes were unrelated to VWC or soil temperature, but were
positively correlated with soil redox potential. Similar to that hypothesized, CO2 fluxes were
positively correlated with VWC and soil temperature, while also negatively correlated with soil
redox potential.
Similar to fluxes, season-long GHG emissions were correlated with numerous soil and
plant properties. Contrary to that hypothesized, CH4 emissions were unrelated to SOM or TC,
but were correlated with numerous other soil properties. Contrary to that hypothesized, N2O
emissions were unrelated to any plant property or TN, but were correlated with numerous other
soil properties. Similar to that hypothesized, CO2 emissions were positively correlated with plant
biomass, but, in contrast to that hypothesized, were unrelated to SOM or TC, while CO2
emissions were correlated with numerous other soil properties. Global warming potential was
positively correlated with numerous soil properties, while negatively correlated with other soil
properties. Among all properties taken into consideration, soil pH and soil Ca, Fe, and Mn
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concentrations were correlated with all three GHGs and with GWP, suggesting that the H+
concentration and the soil redox status can be used as effective tools to manage and potentially
collectively decrease GHG emissions and GWP from furrow-irrigated rice production. The large
variability in soil physical-chemical properties, in conjunction with the large variability of
environmental conditions across site position-tillage treatment combinations, suggested that
diversified and calibrated management practices throughout the study area could result in the
most desirable outcome from anagronomic and environmental point of view. Treating each site
position-tillage treatment combination individually could constitute the best management
practice in order to improve yield, while reducing GWP, which suggests that precisionagriculture techniques may provide the means to accomplish the implementation of the suggested
management practices.
Multiple regression analyses demonstrated that a suite of early season, near-surface soil
properties and end-of-season plant properties could be used to reasonably predict GHG
emissions and GWP. However, simplified, reduced multiple regression models did not improve
prediction ability. Results from multiple regression models could be used to evaluate possible
mitigation practices in furrow-irrigated rice production, helping to identify best management
practices to improve the current and future sustainability of rice production in general in the U.S.
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Tables and Figures
Table 1. Summary of soil physical and chemical properties from the top 10 cm of a Dewitt siltloam at the Rice Research and Extension Center near Stuttgart, AR from the beginning
of the 2018 growing season among tillage [conventional tillage (CT) and no-tillage (NT)]-site
position (up-, mid-, and down-slope) combinations.
Tillage-Site Position Combination
†
Soil Property
CT-Up
CT-Mid CT-Down NT-Up NT-Mid
NT-Down
-1
‡
Sand (g g )
0.16aA
0.14bA
0.12cA
0.14aB
0.13bB
0.12cB
-1
Silt (g g )
0.71c
0.74a
0.72b
0.70c
0.73a
0.73b
-1
0.13b⁋
Clay (g g )
0.13b
0.15a
0.15a
0.13b
0.15a
Bulk Density
(g cm-3)
1.13B
1.11B
1.17B
1.30A
1.23A
1.26A
⁋
5.49ab
pH
5.30bc
4.75e
5.57a
5.18c
4.94d
-1
EC (dS m )
0.19a
0.14b
0.12c
0.18a
0.13b
0.13c
-1
Extractable Soil Nutrients (Mg ha )
0.05a⁋
P
0.02b
0.04a
0.02b
0.02b
0.04a
K
0.24bA
0.18cA
0.24aA
0.16bB
0.17cB
0.22aB
Ca
1.00aB
0.90bB
0.70cB
1.21aA 0.98bA
0.88cA
Mg
0.23a
0.18b
0.12c
0.21a
0.17b
0.15c
S
0.02c
0.02b
0.02a
0.02c
0.02b
0.02a
Na
0.09aB
0.05bB
0.03cB
0.13aA 0.07bA
0.06cA
Fe
0.29cB
0.38bB
0.84aB
0.32cA 0.44bA
0.88aA
Mn
0.31aB
0.22bB
0.17cB
0.41aA 0.24bA
0.19cA
⁋
0.02b
Zn
0.01c
0.02a
0.01c
0.01c
0.03a
-1
TC (Mg ha )
9.6c
9.8b
10.1a
8.5c
9.4b
10.6a
-1
TN (Mg ha )
1.06b
1.03c
1.06a
1.00b
1.02c
1.15a
-1
SOM (Mg ha )
24.8bB
23.7cB
25.2aB
24.3bA
24cA
27.1aA
C:N
9.06
9.51
9.53
8.50
9.22
9.22
TC:SOM
0.39
0.41
0.40
0.35
0.39
0.39
TN:SOM
0.04
0.04
0.04
0.04
0.04
0.04
†
EC, electrical conductivity; P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; S,
sulfur; Na, sodium; Fe, iron; Mn, manganese; Zn, zinc; TC, total carbon; TN, total nitrogen;
SOM, soil organic matter
‡
Different lower-case letters next to means in the same row represent a significant difference (P
< 0.05) by site position, while difference capital letters next to means in the same row represent a
significant difference (P < 0.05) by tillage treatment
⁋ For clay, pH, P, and Zn, different lower-case letters next to means in the same row represent a
significant difference (P < 0.05) among site position-tillage treatment combinations
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Table 2. Analysis of variance summary of the effects of site position (up-, mid-, and downslope), tillage practice (conventional and no-tillage), and their interaction on soil physical and
chemical properties in the top 10 cm of a DeWitt silt loam at the beginning and end of the 2018
growing season and the change from the beginning to the end of the growing season in a furrowirrigated rice production system at the Rice Research and Extension Center near Stuttgart, AR.
Bolded values were considered significant at the 0.05 level.
Source of Variation
†
Soil Properties
Site Position Tillage Site Position x Tillage
_____________________________ ___________________________
P
pH
< 0.01
0.46
0.03
BD
0.26
0.45
0.01
EC
0.50
0.63
0.02
P
< 0.01
0.04
0.03
K
0.18
0.03
0.02
Ca
0.21
< 0.01
< 0.01
Mg
0.47
0.06
< 0.01
S
0.25
0.51
0.02
Na
0.67
< 0.01
< 0.01
Fe
0.41
< 0.01
0.01
Mn
0.13
< 0.01
0.01
Zn
< 0.01
0.07
0.01
TN
0.18
0.66
0.05
TC
0.63
0.82
0.03
SOM
0.92
0.03
0.02
†
BD, bulk density EC, electrical conductivity; P, phosphorus; K, potassium; Ca,
calcium; Mg, magnesium; S, sulfur; Na, sodium; Fe, iron; Mn, manganese; Zn,
zinc; TC, total carbon; TN, total nitrogen; SOM, soil organic matter

129

Table 3. Analysis of variance summary of the effects of site position (up-, mid-, and downslope), tillage practice (conventional and no-tillage), and their interaction on soil physical and
chemical properties in the top 10 cm of a DeWitt silt loam at the end of the 2018 growing season
in a furrow-irrigated rice production system at the Rice Research and Extension Center near
Stuttgart, AR. Bolded values were considered significant at the 0.05 level.
Source of Variation
†
Soil Properties
Site Position Tillage
Site Position x Tillage
_____________________________ ___________________________
P
P
< 0.01
< 0.01
0.02
K
0.09
0.66
< 0.01
Ca
0.37
0.08
< 0.01
Mg
0.13
< 0.01
< 0.01
S
< 0.01
< 0.01
0.04
Na
0.23
0.18
0.19
Fe
< 0.01
0.38
0.03
Mn
< 0.01
0.02
0.04
Zn
0.08
0.42
< 0.01
TC
0.18
0.66
0.05
TN
0.09
0.01
0.03
SOM
0.63
0.82
0.03
†
P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; S, sulfur; Na, sodium;
Fe, iron; Mn, manganese; Zn, zinc; TC, total carbon; TN, total nitrogen; SOM, soil
organic matter
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Table 4. Summary of soil physical and chemical properties from the top 10 cm of a Dewitt silt
loam at the Rice Research and Extension Center near Stuttgart, AR from the end of the 2018
growing season among tillage [conventional tillage (CT) and no-tillage (NT)]-site position (up-,
mid-, and down-slope) combinations.
†

Tillage-Site Position Combination
CT-Mid
CT-Down NT-Up NT-Mid

Soil Property
CT-Up
NT-Down
-1
Extractable Soil Nutrients (Mg ha )
P
0.02
0.02
0.04
0.02
0.04
0.05
K
0.13
0.12
0.16
0.14
0.18
0.19
Ca
1.16
0.96
0.84
1.00
0.81
0.97
Mg
0.20
0.17
0.15
0.19
0.14
0.17
S
0.02
0.02
0.02
0.02
0.02
0.02
Na
0.09
0.10
0.06
0.09
0.07
0.07
Fe
0.36
0.57
0.83
0.39
0.69
0.86
Mn
0.60
0.49
0.41
0.47
0.43
0.51
Zn
0.01
0.01
0.02
0.01
0.02
0.02
-1
TC (Mg ha )
8.3
9.8
10.2
8.9
9.7
10.5
-1
TN (Mg ha )
0.79
0.83
0.85
0.79
0.89
0.92
-1
SOM (Mg ha )
23.3
22.7
24.6
25
23.9
27
†
P, phosphorous; K, potassium; Ca, calcium; Mg, magnesium; S, sulfur; Na, sodium; Fe, iron;
Mn, manganese; Zn, zinc; TC, total carbon; TN, total nitrogen; SOM, soil organic matter
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Table 5. Analysis of variance summary of the effects of site position (up-, mid-, and downslope), tillage practice (conventional and no-tillage), and their interaction on the difference of
soil physical and chemical properties in the top 10 cm of a DeWitt silt loam between the end and
the beginning of the 2018 growing season in a furrow-irrigated rice production system at the
Rice Research and Extension Center near Stuttgart, AR. Bolded values were considered
significant at the 0.05 level.
Source of Variation
†
Soil Properties Site Position Tillage
Site Position x Tillage
_______________________________ _______________________________
P
P
0.24
0.10
0.34
K
0.42
0.06
0.02
Ca
0.74
0.47
0.95
Mg
0.26
0.22
0.31
S
0.13
0.97
0.55
Na
0.06
0.12
0.03
Fe
0.22
0.19
0.09
Mn
0.49
0.94
0.18
Zn
0.08
0.63
0.07
TC
0.70
0.36
0.46
TN
0.19
0.28
0.04
SOM
0.91
0.30
0.41
†
P, phosphorous; K, potassium; Ca, calcium; Mg, magnesium; S, sulfur; Na, sodium;
Fe, iron; Mn, manganese; Zn, zinc; TC, total carbon; TN, total nitrogen; SOM, soil
organic matter
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Table 6. Summary of water quality properties from various water sources [i.e., nearby surface
reservoir (RES) and canal (CANAL) used for irrigation, directly out of the polypipe (PP)
delivering water to furrows, and the ponded flood water (PFW) at the down-slope site position]
from the beginning of the 2018 and 2019 growing seasons in a furrow-irrigated rice production
system at the Rice Research and Extension Center near Stuttgart, AR. Values in same row within
the same year followed by different letters are significantly different (P < 0.05).
2018
2019
Water
RES CANAL
PP PFW
RES CANAL
PP
PFW
Property
pH
7.4a
9.0a
6.48a 7.5a
7.1a
7.1ab
7.0b
7.0ab
-1
EC (dS m ) 0.13a
0.18a
0.14a 0.21a
0.15a
0.13b
0.13b 0.08c
-1
Nutrients (mg L )
P
0.02a
0.02a
0.02a 0.07a
0.06a
0.02c
0.01d 0.03b
K
4.1c
9.4a
4.2b 10.0a
4.6a
4.6a
4.4a
3.2a
Ca
6.2a
4.9a
7.4a 9.4a
10.0a
8.3b
8.5b
4.7c
Mg
2.2b
2.2b
2.4a 2.5a
2.4a
2.8a
2.7a
1.6a
S
1.5a
1.8a
1.6a 2.1a
1.5a
1.3b
1.3b
0.9c
Na
3.0a
7.8a
3.4a 7.2a
10.5b
10.7a
10.6ab 7.7c
Fe
0.2a
0.1a
0.3a 0.1a
1.2a
3.5a
2.5a
3.9a
Mn
0.01a
0.01a
0.01a 0.01a
0.01a
0.01a
0.01a 0.01a
B
0.02a
0.03a
0.02a 0.03a
0.01a
0.01a
0.01a 0.01a
†
EC, electrical conductivity; P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; S,
sulfur; Na, sodium; Fe, iron; Mn, manganese; B, boron
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Table 7. Analysis of variance summary of the effects of site position, tillage, and their interaction
on the difference in soil volumetric water content (Diff-VWC) in the top 6 cm between inside
and outside gas sampling base collars separately among 10 and 15 weekly sample dates in 2018
and 2019, respectively, under furrow-irrigated rice production during 2018 and 2019 at the Rice
Research and Extension Center near Stuttgart, AR. Bolded values were considered significant at
the 0.05 level.
Year/Parameter
Site Position Tillage Site Position x Tillage
__________________________
P _____________________________
2018
Diff-VWC
Days After Planting
27
0.99
0.76
0.99
67
0.16
0.27
0.67
75
0.15
0.76
0.96
81
0.43
0.74
0.04
88
0.07
0.16
0.45
95
0.53
0.55
0.74
101
0.72
0.65
0.23
108
0.63
0.44
0.69
115
0.66
0.29
0.43
122
0.13
0.46
0.85
2019
Diff-VWC
Days After Planting
21
0.94
0.51
0.15
28
0.89
0.39
0.80
35
0.05
0.79
0.89
42
0.28
0.21
0.02
49
0.50
0.12
0.75
56
0.02
0.08
0.01
63
0.21
0.67
< 0.01
70
0.36
0.91
0.97
77
0.32
0.90
0.05
84
0.11
0.38
0.70
91
0.97
0.09
< 0.01
98
0.16
< 0.01
0.02
105
0.98
0.12
0.02
112
0.75
0.65
0.75
118
0.41
0.18
0.35
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Table 8. Summary of minimum and maximum peak fluxes (mg m-2 hr-1) and the day after
planting (DAP) during which the fluxes occurred by site position (up, mid, and down)-tillage
treatment (NT, CT) combinations for methane (CH4), nitrous oxide (N2O), and carbon dioxide
(CO2) during the 2018 and 2019 growing season at the Rice Research and Extension Center near
Stuttgart, AR.
2018
2019
Minimum
Maximum
Minimum
Maximum
Treatment
Gas Combination Flux DAP
Flux
DAP
Flux
DAP
Flux DAP
CH4
Up-NT
< 0.01
20
2.2
115
< 0.01
63
7.7
105
Up-CT
< 0.01
47
3.5
108
< 0.01
63
1.7
84
Mid-NT
< 0.01
40
1.4
122
< 0.01
70
9.9
98
Mid-CT
< 0.01
27
1.4
115
< 0.01
49
6.1
105
Down-NT
0.03
61
10.0
122
< 0.01
35
22.1 118
Down-CT
< 0.01
27
6.5
122
< 0.01
21
13.8 118
N2O
Up-NT
< 0.01 108
6.0
33
< 0.01
91
3.1
56
Up-CT
< 0.01
20
11.0
33
< 0.01
98
13.2
56
Mid-NT
< 0.01
96
12.4
33
< 0.01
112
0.7
21
Mid-CT
0.02
108
5.8
33
0.01
28
7.1
77
Down-NT
< 0.01
20
12.7
33
< 0.01
42
2.2
84
Down-CT
< 0.01
96
12.3
33
< 0.01
91
5.9
56
CO2
Up-NT
58.73
27
1101
89
132
28
1509 91
Up-CT
47.32
20
1668
101
93
21
1427 125
Mid-NT
20.45
20
1678
82
174
28
1659 118
Mid-CT
6.53
20
2148
101
111
27
1177 112
Down-NT
64.24
27
3812
61
233
28
1864 112
Down-CT
80.93 122
5354
61
214
28
2396 70
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Table 9. Summary of minimum (Min) and maximum (Max) season-long emissions (kg ha-1
season-1) by site position (up, mid, and down)-tillage treatment (NT, CT) combinations for
methane (CH4), nitrous oxide (N2O), carbon dioxide (CO2), and global warming potential (GWP,
kg CO2 equivalents ha-1 season-1) during the 2018 and 2019 growing season at the Rice Research
and Extension Center near Stuttgart, AR.
Gas

Treatment
combination

Min 2018

Max 2018
Min 2019
Max 2019
-1
-1 __________________________
kg ha season
4.5
10.0
5.9
16.9
8.1
11.2
7.1
11.7
2.9
9.3
2.6
17.5
2.4
8.9
4.9
13.1
47.1
84.7
58.7
192.3
28.6
52.3
14.3
84.0
2.7
4.1
0.9
2.4
3.3
13.6
1.6
9.4
3.3
9.4
0.4
1.1
3.9
6.2
3.6
7.9
3.9
9.7
1.1
1.8
8.1
18
2.5
4.5
2944
4316
4060
5338
4421
5346
5317
5630
3351
5672
5456
6043
4557
5550
4295
4879
4531
7652
4370
6338
6532
8365
5349
8272
_______________________
-1
-1_____________________________
Mg ha season
14.1
16.2
16.3
22.0
23.0
29.2
22.2
29.8
15.4
27.7
21.2
23.1
20.5
24.4
19.3
24.7
22.7
36.9
22.2
26.3
33.2
47.5
23.0
37.3
_________________________

CH4-C

N2O-N

CO2-C

GWP

Up-NT
Up-CT
Mid-NT
Mid-CT
Down-NT
Down-CT
Up-NT
Up-CT
Mid-NT
Mid-CT
Down-NT
Down-CT
Up-NT
Up-CT
Mid-NT
Mid-CT
Down-NT
Down-CT
Up-NT
Up-CT
Mid-NT
Mid-CT
Down-NT
Down-CT
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Table 10. Summary of minimum (Min) and maximum (Max) aboveground rice dry matter and
seed yield (reported at 12% moisture) measured by site position (up-, mid-, and down-slope)tillage treatment [no-tillage (NT) and conventional tillage (CT)] combinations during the 2018
and 2019 growing seasons at the Rice Research and Extension Center near Stuttgart, AR.
2018
2019
Plant
Treatment
Property
combination
Min
Max
Min
Max
_____________________
-1 _________________________
Mg ha
Dry matter
Up-NT
7.4
8.3
5.3
15.9
Up-CT
7.3
13.7
11.0
21.0
Mid-NT
4.6
14.7
14.4
15.5
Mid-CT
8.5
12.2
9.6
15.8
Down-NT
7.1
14.1
9.6
13.0
Down-CT
8.8
12.6
9.0
16.4
Yield
Up-NT
3.3
3.8
5.1
9.3
Up-CT
1.5
6.7
7.6
9.8
Mid-NT
1.1
8.5
5.8
9.5
Mid-CT
2.7
6.1
4.9
9.1
Down-NT
4.3
6.5
5.4
7.9
Down-CT
3.2
5.6
4.2
9.3
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Table 11. Summary of minimum (Min) and maximum (Max) rice plant tissue and grain nitrogen
(N) concentration measured by site position (up-, mid-, and down-slope)-tillage treatment [notillage (NT) and conventional tillage (CT)] combinations during the 2018 and 2019 growing
seasons at the Rice Research and Extension Center near Stuttgart, AR.
2018
2019
Plant
Treatment
Property
combination
Min
Max
Min
Max
_________________
-1
-1 ___________________
g kg season
Plant N
Up-NT
8.9
11.3
12.4
14.8
Up-CT
7.4
14.6
12.5
18.2
Mid-NT
6.7
9.6
6.6
14.0
Mid-CT
10.2
22.5
12.8
18.3
Down-NT
8.2
14.1
4.3
6.8
Down-CT
8.6
14.9
5.2
7.5
Grain N
Up-NT
9.8
13.2
14.6
16.4
Up-CT
10.7
15.7
15.7
17.3
Mid-NT
10.6
12.8
13.3
14.9
Mid-CT
14.7
17.9
14.4
17.0
Down-NT
10.0
12.3
10.5
11.7
Down-CT
12.0
15.2
10.8
12.7

138

Table 12. Summary of linear correlations (r) among methane (CH4, n = 230, 270, and 381),
nitrous oxide (N2O, n = 316, 296, and 446), and carbon dioxide (CO2, n = 382, 384, and 573)
fluxes (mg m-2 hr-1) and volumetric water content (VWC; 7.5-cm depth), soil redox potential (4cm depth), and soil temperature (7.5-cm depth) combined across all treatments for the 2018 and
2019 growing seasons at the Rice Research and Extension Center near Stuttgart, AR.
Environmental parameters
VWC (cm3 cm-3)
Redox potential (mV)
Soil temperature (°C)
*
P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001

CH4

N2O
CO2
____________________ ___________________
r
**
0.18
0.09
0.29***
-0.59***
0.13*
-0.27***
0.07
-0.01
0.09*
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Table 13. Summary of linear correlations (r) among season-long methane (CH4; n = 36), nitrous
oxide (N2O; n = 36), and carbon dioxide (CO2; n = 36) emissions (kg ha-1 season-1) and global
warming potential (GWP) and soil physical and chemical properties from the top 10 cm of a
Dewitt silt loam and plant properties combined across all site-position-tillage treatment
combinations for the 2018 and 2019 growing seasons at the Rice Research and Extension Center
near Stuttgart, AR.
Soil/Plant Properties†
Sand (g g-1)
Silt (g g-1)
Clay (g g-1)
pH
BD (g cm-3)
EC (dS m-1)
SOM (%)
SOM (Mg ha-1)
TN (%)
TN (Mg ha-1)
TC (%)
TC (Mg ha-1)
C:N ratio

CH4-C
N2O-N
_____________________________
-0.43**
0.39*
0.13
0.53***
0.16
-0.10
-0.18
-0.17
0.21
-0.21
-0.24
-0.19
-0.01

0.18
-0.34*
0.22
-0.39*
0.11
0.41*
0.09
0.19
0.07
0.26
0.11
0.18
0.06

CO2-C
GWP
r ________________________________
-0.19
-0.30
0.08
0.17
0.25
0.32
*
-0.41
-0.60***
-0.22
-0.36
-0.25
-0.12
0.25
0.08
0.05
-0.01
0.27
0.05
0.07
-0.01
0.24
0.05
0.15
0.04
0.25
0.13

Extractable soil nutrients (mg kg-1)
0.36*
P
0.41*
0.25
0.42**
***
0.16
K
0.61
0.23
0.36*
-0.33*
Ca
-0.43**
-0.67***
-0.68***
*
***
-0.04
Mg
-0.37
-0.59
-0.48**
-0.09
S
0.56***
0.17
0.18
*
***
-0.01
Na
-0.33
-0.57
-0.44**
0.44**
Fe
0.49**
0.63***
0.73***
-0.54***
Mn
-0.45**
-0.38*
-0.54***
***
*
0.08
Zn
0.78
0.33
0.41*
0.04
Plant biomass (Mg ha-1)
-0.07
0.38*
0.24
*
0.07
Plant N (%)
-0.37
-0.09
-0.11
0.06
Plant N (Mg ha-1)
-0.30
0.13
0.04
-1
-0.15
Yield (Mg ha )
0.06
0.26
0.09
-0.01
Grain N (%)
-0.37*
0.02
-0.07
0.29
Grain N (Mg ha-1)
-0.16
0.46**
0.03
-1
0.15
Plant + grain N (Mg ha )
-0.28
0.27
0.04
†
BD, bulk density; EC, electrical conductivity; SOM, soil organic matter; TN, total
nitrogen; C:N, carbon-nitrogen ratio; TC, total carbon; P, phosphorus; K, potassium; Ca,
calcium; Mg, magnesium; S, sulfur; Na, sodium; Fe, iron; Mn, manganese; Zn, zinc
*
P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001
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Table 14. Summary of multiple regression analyses to predict season-long methane (CH4; n =
36), nitrous oxide (N2O; n = 36), and carbon dioxide (CO2; n = 36) emissions (kg ha-1 season-1)
and global warming potential (GWP) from various early season soil physical and chemical
properties from the top 10 cm of a Dewitt silt loam and end-of-season plant properties combined
across all site position-tillage treatment combinations for the 2018 and 2019 growing seasons at
the Rice Research and Extension Center near Stuttgart, AR.

Response
variable

Model
parameter†

Coefficient
(Standard
Error)

% Total sum
of squares

Overall
model pvalue

CH4-C

Silt (g g-1)

0.12 (2.8)

0.01

pH

-49.09 (32.6)

2.36

EC (dS m-1)

373.3 (225.5)

2.85

P (mg kg )

1.06 (0.85)

1.60

-1

0.12 (0.19)

0.42

-1

K (mg kg )
-1

*

5.71

Mg (mg kg )

-1.23 (0.76)

2.72

S (mg kg-1)

0.01 (1.28)

0.01

Ca (mg kg )
-1

-1

Na (mg kg )
-1

-0.01 (0.10)

0.01

Mn (mg kg )

0.09 (0.17)

0.30

Zn (mg kg-1)

1.51 (1.43)

1.16

Plant N (%)

43.80 (23.4)

3.64

Grain N (%)

-72.75 (42.8)

3.01

57.65

-

Sand (g g )

-0.01 (0.45)

0.01

Silt (g g-1)

0.73 (0.58)

2.97

pH

-1.77 (3.58)

0.46

P (mg kg-1)

0.11 (0.04) *

9.71

-1

-0.01 (0.01)

0.01

-1

Fe (mg kg )

0.01 (0.01)

0.12

-1

0.01 (0.02)

0.03

-41.33

-

-1

Mn (mg kg )
Intercept

0.007

0.48

0.34

3.2

24.2

5.06

-1

Ca (mg kg )

†

-1.15 (0.52)

*

Fe (mg kg )

Intercept
N2O-N

0.46 (0.19)

Adj.
R2
0.63

RSME

< 0.001

Overall
model R2
0.78

EC, electrical conductivity; P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; S,
sulfur; Na, sodium; Fe, iron; Mn, manganese; Zn, zinc; Adj. R2, adjusted R2; RSME, root square
mean error
*
P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001
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Table 14. (cont.)
Response
variable
CO2-C

Model parameter†

Coefficient
(Standard
Error)

% Total
sum of
squares

Overall
model Pvalue

Overall
model R2

pH

-336.1 (975)

0.1

0.001

0.69

Ca (mg kg-1)

1.99 (4.25)

0.3

Mg (mg kg-1)

7.54 (10.93)

0.6

-28.24 (14.25)

4.6

0.002

0.59

-1

Na (mg kg )
-1

Fe (mg kg )

7.06 (2.78)

-1

Mn (mg kg )
Zn (mg kg )
ABG (Mg ha )

226.37 (73.1)
-1

Grain N (Mg ha )

735

-

430.9 (6644)

< 0.1

P (mg kg )

8.79 (149.3)

< 0.1

-1

-12.99 (38.8)

0.2

Ca (mg kg )

-27.78 (38.44)

0.8

-1

Mg (mg kg )

119.40 (126.1)

1.4

Na (mg kg-1)

-49.54 (93.1)

0.4

34.85 (18.7)

5.5

7.71 (34.1)

0.1

-31.75 (245.1)

< 0.1

16970

-

-1

K (mg kg )
-1

-1

Fe (mg kg )
-1

Mn (mg kg )
-1

Zn (mg kg )
†

Intercept

5538

11.0
1.5

pH

0.44

2.1

**

-91712 (8047)

Intercept

816

1.3

-36.59 (27.1)
-1

RSME

7.6

4.83 (4.65)

-1

GWP

*

Adj.
R2
0.59

P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Na, sodium; Fe, iron; Mn,
manganese; Zn, zinc; ABG, aboveground biomass; Adj. R2, adjusted R2; RSME, root square
mean error
*
P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001
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Table 15. Summary of reduced multiple regression models predicting season-long methane
(CH4; n = 36), nitrous oxide (N2O; n = 36), and carbon dioxide (CO2; n = 36) emissions (kg ha-1
season-1) and global warming potential (GWP) from various early season soil physical and
chemical properties from the top 10 cm of a Dewitt silt loam and end-of-season plant properties
combined across all site position-tillage treatment combinations for the 2018 and 2019 growing
seasons at the Rice Research and Extension Center near Stuttgart, AR.
% Total Overall Overall
Response Model
Coefficient
sum of
model
model Adj. RSME
variable
parameter†
(Standard Error)
squares P-value
R2
R2
CH4-C
Ca (mg kg-1)
-0.15 (0.08)
7.2
0.033
0.19
0.14
37.3
-1
Na (mg kg )
-0.13 (0.43)
0.2
Intercept
152.2
N2O-N
P (mg kg-1)
0.09 (0.04) *
13.3
0.029
0.13
0.11
3.7
Intercept
2.29
Fe (mg kg-1)
5.30 (0.82) ***
47.3
0.001
0.62
0.60
807
-1
***
ABG (Mg ha ) 167.12 (38.2)
22.0
Intercept
1423
-1
***
GWP
Fe (mg kg )
32.33 (5.25)
52.7
< 0.001
0.53
0.51
5172
Intercept
12969
†
Ca, calcium; Na, sodium; P, phosphorus; Fe, iron; ABG, aboveground biomass; Adj. R2,
adjusted R2; RSME, root square mean error
*
P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001
CO2-C
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Figure 1. Soil volumetric water content (VWC) measured at the 7.5-cm soil depth and irrigation
applications over time during the 2018 rice-growing season at the Rice Research and Extension
Center near Stuttgart, AR for conventional tillage (CT) and no-tillage (NT) treatments at the up-,
and mid-slope position.
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Figure 2. Soil volumetric water content (VWC) measured at the 7.5-cm soil depth and irrigation
applications over time during the 2019 rice-growing season at the Rice Research and Extension
Center near Stuttgart, AR for conventional tillage (CT) and no-tillage (NT) treatments at the up-,
and mid-slope position.
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Figure 3. Soil temperature measured at the 7.5-cm soil depth over time during the 2018 ricegrowing season at the Rice Research and Extension Center near Stuttgart, AR for conventional
tillage (CT) and no-tillage (NT) treatments at the up-, mid-, and down-slope position.
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Figure 4. Soil temperature measured at the 7.5-cm soil depth over time during the 2019 ricegrowing season at the Rice Research and Extension Center near Stuttgart, AR for conventional
tillage (CT) and no-tillage (NT) treatments at the up-, mid-, and down-slope position.
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Figure 5. Soil redox potential (Eh) measured at the 7.5-cm soil depth over time during the 2018
and 2019 rice-growing season at the Rice Research and Extension Center near Stuttgart, AR for
conventional tillage (CT) and no-tillage (NT) treatments at down-slope position.
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Figure 6. Soil redox potential (Eh) measured at the 7.5-cm soil depth over time during the 2019
rice-growing season at the Rice Research and Extension Center near Stuttgart, AR for
conventional tillage (CT) and no-tillage (NT) treatments at up-, and mid-slope position.
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Figure 7. Methane (CH4) fluxes over time during the 2018 rice-growing season (A) and during
the 2019-growing season (B) at the Rice Research and Extension Center near Stuttgart, AR.
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Figure 8. Nitrous oxide (N2O) fluxes over time during the 2018 rice-growing season (A) and
during the 2019-growing season (B) at the Rice Research and Extension Center near Stuttgart,
AR.
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Figure 9. Carbon dioxide (CO2) fluxes over time during the 2018 rice-growing season (A)
and during the 2019-growing season (B) at the Rice Research and Extension Center near
Stuttgart, AR.
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THESIS CONCLUSION
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Previous research determined the potential environmental impacts, particularly GHG
emissions, of rice production systems under different management practice and site
characteristics. However, GHG emissions from furrow-irrigated rice production have not been
studied to date, particularly with regards to the relationships among soil physical and chemical
properties, environmental factors, and GHG fluxes and emissions. Consequently, this study
aimed to investigate the relationships among soil properties, environmental factors, and CH4,
N2O, and CO2 fluxes and season-long emissions and GWP across two growing seasons (2018
and 2019) in a furrow-irrigated rice production system on a silt-loam soil in eastern Arkansas.
Methane, N2O, and CO2 fluxes during the 2018 and 2019 growing seasons behaved
differently, yet had similar timings for peak fluxes for each respective gas during the two years.
Fluxes of all three GHGs were significantly correlated with environmental parameters (VWC,
soil temperature, and soil redox potential). As hypothesized, CH4 fluxes over the two growing
seasons were positively correlated with VWC and negatively correlated with soil redox potential,
but were unrelated to soil temperature. In contrast to that hypothesized, N2O fluxes were
unrelated to VWC or soil temperature, but were positively correlated with soil redox potential.
Similar to that hypothesized, CO2 fluxes were positively correlated with VWC and soil
temperature, while also negatively correlated with soil redox potential.
Similar to fluxes, season-long GHG emissions were correlated with numerous soil and
plant properties. Contrary to that hypothesized, CH4 emissions were unrelated to SOM or TC,
but were correlated with numerous other soil properties. Contrary to that hypothesized, N2O
emissions were unrelated to any plant property or TN, but were correlated with numerous other
soil properties. Similar to that hypothesized, CO2 emissions were positively correlated with plant
biomass, but, in contrast to that hypothesized, were unrelated to SOM or TC, while CO2
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emissions were correlated with numerous other soil properties. Global warming potential was
positively correlated with numerous soil properties, while negatively correlated with other soil
properties. Among all properties taken into consideration, soil pH and soil Ca, Fe, and Mn
concentrations were correlated with all three GHGs and with GWP, suggesting that the H+
concentration and the soil redox status can be used as effective tools to manage and potentially
collectively decrease GHG emissions and GWP from furrow-irrigated rice production.
Soil amendments, for example lime, and calibrated applications of irrigation can be used
to obtained specific target values for pH and VWC, affecting the H+ concentration and the soil
redox status. Calcium-compounds and wet soils, slightly below saturation, should be used to
obtain slightly alkaline pH (i.e., 7.5) and oxygen limited (200 mV > Eh < -150 mV) field
conditions to limit production and release of CH4, N2O, and CO2. The large variability of soil
physical-chemical properties, in conjunction with the large variability of environmental
conditions, across site position-tillage treatment combinations suggested that diversified and
calibrated management practices throughout the study area could determine the most desirable
outcome from an agronomic and environmental point of view. Treating each site position-tillage
treatment combination individually could constitute the best management practice in order to
improve yield, while reducing GWP, which suggests that precision-agriculture techniques may
provide the means to accomplish the implementation of the suggested management practices.
Multiple regression analyses demonstrated that a suite of early season, near-surface soil
properties and end-of-season plant properties could be used to reasonably predict GHG
emissions and GWP. However, simplified, reduced multiple regression models did not improve
prediction ability. Results from multiple regression models could be used to evaluate possible
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mitigation practices in furrow-irrigated rice production, helping to identify best management
practices to improve the current and future sustainability of rice production in general in the U.S.
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